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ABSTRACT 


Thermally enhanced recovery of heavy hydrocarbons from oi! sand 
introduces a number of difficult geotechnical engineering problems 
associated with ground heating. The pattern and magnitude of ground 
deformations resulting from in situ fluid injection and heating 
have a bearing on the stability of underground openings (e.g. 
shafts, tunnels, well casings) and on the efficiency of the oil 
recovery process. The following thesis documents geotechnical 
properties of oil sands required for analyses of ground heating 
problems. Properties of good quality oil sand samples were measured 


in an extensive laboratory investigation. 


A review of relevant literature is presented. Modern 
development of energy and mineral resources has introduced a wide 
range of related problems involving heating of soils and rocks. 


These may be broadly classifed as "Heat Consolidation" problems. 


Results of numerical analyses of heat consolidation problems in 


oi! sands are presented and discussed. 
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LIST OF SYMBOLS 


The fundamentals of this research have been drawn from several 
disciplines. Consequently it has not been possible to maintain a 
completely unified system of symbols. The following list is 
included to assist the reader in interpretation of the equations. 


The meanings of many symbols are also identified within the text. 


SYMBOL MEANING 
Agr Parameters relating pore pressure response with undrained 


total stress changes 


Br Parameters relating thermally generated pore pressure 
with undrained temperature change 

C Matrix of elastic stress-strain moduli 

Ce Drained isotropic compressibility 

Ci, Uniformity coefficient (Cy = Dy9/Dgo) 

c Specific heat; or apparent cohesive strength 

Cy Coefficient of consolidation 

D Matrix of thermoelastic stress-temperature-strain moduli 

Dy Mean particle diameter greater than that of n percent by 
mass of the soil particles in a sample 

d Exact differential 

E Modulus of elasticity 

e Void ratio 

G Shear modulus of elasticity 

h Heat flow 
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SYMBOL MEANING 


Ip Sample disturbance index for oi! sand 
ly First strain invariant 


i Hydraulic gradient 


Jy First stress invariant 

K Bulk modulus of elasticity 

Ko Coefficient of earth pressure at rest 

K Absolute permeability 

Ky Effective permeability of oi| 

Ky Effective permeability to water 

KT Thermal conductivity 

my, One dimensional coefficient of volume compressibility 

P Absolute pore fluid pressure 

RT Dimensionless heat consolidation ratio (the ratio of the 
coefficient of consolidation to the thermal diffusivity) 

r Radial distance 

S Pore fluid saturation 

ST Coefficient of stress change with temperature 

it Absolute temperature 

aT Time 

u Excess pore fluid pressure 

V Volume 

Vv Velocity 

Wj Displacement 

W Water content 

Xj Body forces 

See yr 4 Cartesian coordinates 


Xxx 1 | 


a a ae ee wenetie 
aah | hel a 

: | \ ay ere | wie en 
‘inane be weog ori 1. Te 

‘ tM oan atten” 
he Ve. wae yt hveaoins WII " 
ey fe “st a Siddea ee: expire ? Ar. | 


a4 te etd RN eee 


is dh ca leg | — a 
Ava Tyih | Leeann ama fon . wm 
: OT oo eesti lefbar 
A Po ‘ania ptylt ose" 
| hire se gi ati ti teelial }¥o08 
ae nat Wi 


Pe es ie ee hak BT wetesnien ‘Bivigets 


oa pl . 


. aan Sa f ig iy . ; : 
Ae y } : i yar ied ay" mini? 
ee i ; “J : ath 7 Wi. oe ’ pans : ee dhe: 7 } 
oe ee ee ate. eae dot Rcgeeq eae? 
ey ee. ave 7 


hee SPC oe 4 : or anwle’ 
ee ee iS a ) atlas’ 
Tia. aie ee + swbeepiri gel 

a =) sen eetiwo tans 
y €99 Ww? ‘tid 
pubsiticon neleatret 


“4 
| 


SYMBOL MEANING 


a Coefficient of thermal expansion 
B Compressibility 
ry Weight density 
A Finite difference 
V Differential operator 
e) Partial differential 
n Porosity 
E Strain 
x Soil-water interaction coefficient defined by Biot (1941) 
r Lames elastic stress-strain constant 
m Dynamic viscosity 
v Poisson's ratio of normal to orthogonal linear strain 
g Dimensionless distance 
p Mass density 
G Total stress 
a’ Effective stress 
if Shear stress; dimensionless time 
to) Angle of internal shearing resistance 
SUBSCRIPT MEANING 
fo) Oi | 
B Bitumen 
W Water 
S Solid 
g Gas 
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SUBSCRIPT MEANING 
DR Drained 

U Undrained 

je Linear 

Vv Volumetric 


Liquid 
Initial, in situ 
Initial 


Spatial nodes corresponding with x,y,z Cartesian 
coordinates 


Time level 
Thermal 


Pressure 


Maximum, intermediate and minimum principal stresses and 
strains, respectively 
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1.0 INTRODUCTION 


1.1 General 


Oil sands are an important world energy resource by virtue of 
the magnitude of known reserves. Estimated in-place volumes of 
heavy hydrocarbons in oil sand deposits throughout the world 
approach 3000 billion barrels which is nearly equivalent to the 
total discovered conventional medium and light gravity oi! reserves 
in-place in the world. More than 90 percent of known heavy 
hydrocarbon reserves occur in oi! sand deposits in Alberta, Western 
Canada and in the Orinoco Heavy Oil Belt of Eastern Venezuela 


(Demaison, 1977). 


Although abundant, the extremely high viscosity of the crude 
bitumen in oil sands makes conventional recovery by pumping 
impractical. Approximately 4 percent of Alberta oil sand reserves 
are buried at’ depths less than 50 m and are economically recoverable 
by surface mining techniques (Alberta Energy and Natural Resources, 
1979). In situ extraction procedures are being developed for the 


remaining 96 percent of reserves buried at depths greater than 50 m. 


In situ extraction methods generally involve heating the oil 
sand with super-heated steam or by in situ combustion. Both 
techniques are under active investigation at the pilot project 
stage. A hybrid method, Mine Assisted In Situ Processing (MAI-SP) is 
also under study. MAISP involves the development of an underground 


mine system of vertical shafts and tunnels in or adjacent to the 
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oi! sand in order to provide access for horizontal steam injection 
and production wells (Devenny and Raisbeck, 1980). This layout is 
intended to provide a more cost-effective production facility 
through reduced heat losses and a higher density of wells within the 
formation. The concept has already been adopted in the USSR to 
recover heavy oil in north-eastern Siberia near Yarega. Figure 1.1 


illustrates in a general manner some of the extraction processes. 


A number of difficult geotechnical problems are introduced by 
thermally enhanced in situ extraction of ‘heavy hydrocarbons from oi| 
sands. The problems arise. because of the elevated pressure- 
temperature conditions resulting from massive steam injection and/or 


combustion, the large scale of proposed recovery schemes, and the 


peculiar properties of oi! sands. Stress changes and ground 
deformations are caused by: (i) excavation and support of 
underground openings to provide access to the formation, e.g. 


injection and production wells, shafts, tunnels and caverns; (ii) 
injection of water, onde ed steam, air or other fluids into the 
formation to promote intraformational communication either by 
creating partings or improving fluid transmissibility, and (iii) 
ground heating and thermal expansion. The pattern and magnitude of 
ground deformations resulting from-in situ extraction processes wil! 


have a bearing on the stability of underground openings and the 


efficiency of the oi! recovery processes. Ground deformations 


associated with hydraulic fracturing are illustrated schematically 


in Figure 1.2. Since fractures may propagate by both parting and 


shear, knowledge of shear deformation and strength properties as 


well as in situ stresses is required, in order to develop rational 
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analyses to predict orientation and extent of hydraulic fractures in 
cohesionless oi! sands. The mechanics of fluid injection processes 
are further complicated when heated fluids are injected. Leesan 
stresses may be altered by heating due to restraint of thermally 
induced strains and by thermal generation of pore fluid pressures. 
Ground deformations due to thermal expansion of heated oi! sand are 
illustrated schematically in Figure 1.3. Prediction of thermally 
induced stress changes and ground deformations requires knowledge of 
thermal expansion and stress-deformation properties, in addition to 


permeability and heat transfer properties. 


Recognition of the geotechnical complexities introduced by 
thermally enhanced oi! recovery processes provided motivation for 
The study reported im fhis thesis. A laboratory testing facility 
has been developed to study the geotechnical behaviour of oi! sands 


and other sojls and rocks at elevated pressures and temperatures. 


oz Heat Consolidation - A Class of Problems 


Consolidation of porous soils and rocks is a transient process 
involving concommittant pore pressure variation and volumetric 


deformation, i.e. compression or swelling, in response to changes In 


the effective stresses. 


Heat consolidation is an analogous process involving concurrent 
stress changes, pore pressure variation and volumetric deformation 


in response to heating (either transient or non-transient heating). 


Other "thermal consolidation" processes including frost heave and 
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thaw consolidation involve phase changes of the porewater in soils 
and rocks due to freezing and thawing. Consequently, the term "heat 
consolidation" is favoured for describing the class of problems 
involving heating above the freezing temperature of the pore fluids, 
whereas "thermal consolidation" is appropriate for describing 
thermal ly induced consolidation processes over the- entire 


temperature range. 


Formulation of the field equations governing all thermal 
condolidation processes involves coupling of heat transfer (energy 
balance) and appropriate consolidation relationships. The physics 
of heat consolidation are described in detail in Chapters 2 and 5 
and numerical solutions for heat consolidation of oil sands are 


given in Chapters 5 and 6. 


1.3 Nomenclature 


Several terms are defined in this section to avoid confusion 


arising from multidisciplinary aspects of this research. 


Stress and Pressure 


The.» terms "stress", .andi."pressure" are often used inter- 


changeably in both the soil and rock mechanics literature. lai sas. 


possible to make systematic distinctions between these terms if it 


is understood that stress components are vector quantities with 


associated directional strains, whereas pressure is a_ scalar 


quantity. Accordingly, application of the term pressure to describe 
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stresses in the solid skeleton of porous soils and rocks jis only 
correct for the condition in which stresses are isotropic. Stresses 
in the pore fluid phase of porous soils and rocks are correctly 
referred to as "pore pressures" since, by definition, a fluid cannot 
sustain shearing stresses. The term "pressure" therefore, is used 
exclusively with reference to fluid pressures in this thesis, and 
the term "stress" is used only for describing the vector quantities 


of effective and total stresses in oi! sand or other soils and 


rocks. 


Sign Conventions for Stresses and Deformations 


The sign convention commonly used in geotechnical engineering 
defines compressive stresses and strains as positive quantities and 
tensile stresses and strains as negative quantities. This sign 
convention is adhered to throughout this thesis with one notable 
exception: volumetric strains due to thermal expansion measured in 
laboratory experiments are presented as positive strains. 
Coefficients of thermal expansion derived from the experimental 
results are also presented as positive quantities. This latter 
departure from the otherwise consistent geotechnical sign convention 


was adopted in order to conform with previously published thermal 


expansion data for other materials. 


Drained, Undrained and Partially Drained Conditions 


It is common in geotechnical engineering to bound the response 


of porous soils and rocks to loading in terms of The extreme 
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conditions of "drained" and "undrained" behaviour. Both eondinaede 


refer to non-transient response of pore fluid pressures. 


Drained response refers to the condition in which the pore 
pressure in an element of soil or rock is constant during loading, 
i.@. mechanical or thermal loading.. Drained behaviour of a porous 
continuum is approached when neither the porous medium nor the 
boundary conditions offer any resistance to the movement of pore 


Falun Ste 


Undrained response refers to the condition in which the mass of 
an element of soil or rock remains constant during thermal: or 
mechanical loading, although the volume of the element may change. 
This implies that there is neither any movement of pore fluid nor 
any diffusion of pore pressure from one point to another within the 
porous continuum. The undrained condition is only practically 


achievable in laboratory tests in which impervious boundary 


conditions are physically imposed around an element of soil or 
rock. 

The term "partially drained" describes any condition 
intermediate between the. adrained. and! sswrdrajneds. textremess 
Geotechnical laboratory compression tests and heating experiments 


are most conveniently performed and interpreted under drained or 


undrained conditions. Drained parameters are used to relate 


deformations of the solid skelton with mechanical and thermal loads 


in terms of effective stress changes. Transient experiments are 


also required to determine transient coupling parameters such as 
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permeability and thermal conductivity. 


Effective Permeability and Pore Fluid Mob i | ity 


Some of the terms required to describe multiphase flow of 
fluids through porous media are not commonly used in traditional 


geotechnical engineering. 


The concept of effective permeability is useful for describing 
fluid flow in porous media containing more than one continuous, 
immiscible fluid phase. Oi! sand contains at least two immiscible 
fluids: oil and water, and under some pressure-temperature 
conditions a third gaseous phase may exist which may or may not be 
continuous. Effective permeability is a relative measure of the 
conductance of the porous medium for one fluid phase when the pore 


space is occupied by more than one fluid. 


The mobility of pore fluid is defined as the ratio of effective 
permeability to dynamic viscosity. Dynamic viscosity of a fluid is 


a measure of the intermolecular shearing resistance of fluid flow. 


Dynamic viscosity, , is defined as a constant of proportionality 


relating shearing stress with the rate of shear strain according to 


Newtons's law of viscosity (Streeter and Wylie, 1979): 


ep pae’ 
Psehies Ci) 


When the relationship given in equation 1.1 is linear for a given 


fluid, i.e. w is constant for a range of shear stresses, the fluid 
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is described as a "Newtonian fluid". "Non-Newtonian fluids" have a 
nonlinear relationship between shear stress and rate of shear 
strain. The bitumen in Athabsca oi! sands is a "non-Newtonian" 


fluid under some pressure-temperature conditions. 


1.4 Scope of Thesis 


The aim of the research documented in this thesis is to explore 
important aspects of the geotechnical behaviour of oi! sands at 


elevated temperatures and pressures. 


The necessary starting point for any research is a review of 
the relevant literature. An overview of the current state of 
elevated temperature geotechnics based on an extensive literature 
review is given in Chapter 2. Geoscience problems involving ground 
heating are categorized and discussed. General  ireends vin tine 
geotechnical response of soils and rocks to heating are outlined on 
the basis of references cited. Finally, theoretical concepts 


appropriate for the development of heat consolidation theory are 


presented. 


A laboratory investigation to’ measure geotechnical properties 


of oi| sand at elevated temperatures and pressure comprises a major 


proportion of the research work. Chapter 3 summarizes all aspects 


of the laboratory research including sampling, sample preparation 


techniques and testing procedures. In addition, the laboratory 


testing facility is described in some detail since it is unique. 


Also, procedures which were developed for properly calibrating 


aA, Ghee. ani ar 
< i ii; A. ed ar 


- ; 3 rh ie 
monn PS ei? pres hein . 
vei, 1) Baa ‘ein vent — 
"ite utdbyesiian” ce epee Wie inner 


ieee it a tinac: peters 


ea 


in 

if at ~ 
) j Se .- 
A Wa 
y % 7 

‘ 
‘ee eae ee, 
? ( Z 
- 4 . 


A a te 


diaaie eee are piernernutca dvjeae itt to 
CT ea wots lao Tena tong | vt ei 
| ae ictal ee wee 
1a wayne 4 ah Coe hah hig wstene ~ 

gi trast wine Ny nw eye vent ts 3 
sient; lone te: i vs nail a § 
Amberg vm dle baler: gee nee > yer 


ine Aq She 


pet re er nts | Fbrares railed i 


ae ee 


prome a> hain areare: as Lamapine tam, hs 
ie: oka Nenad eae inallonas at wt 


nae wrt) tw) bi lgnttae at sh 


r a 


e ; : 7 i 
4 i \ i ‘ ia t Rat Ue | ay iv Tieely Pie fai z 
, 2a es 2 i at The Ve: a) , vn, g 5 : ee } uf ; 
pred i nr ihe - } : _?r i 
ee i he et : t's on i 
' y a | " ey a =! ; fe) : ie 
LA. b a ve Beast oy Ja are 


“th 
prea 


aus label alibi yeraindas » Ae & 
| oe peeleacnaiht Adtansin te bape la 
Mi Ni at ra Tent 3 a sales cseueen wet to a 
aha Heit ue ‘aie ada “bee ooo ‘ieliri coal “wratareg yalactn / 

enmiaene ate Ae Cubbih bat eg drivin eye sevptnacae * 


fa Shetty pe oe ca ih ta bi Mal #1 ant Hane wasnt . 


4; 


AS: 


Page 12 


electronic measuring devices and determining correction factors 
required to isolate system response at elevated pressure and 
temperatures are outlined in Chapter 3. Detailed experimental! 
results and procedures are documented in Appendices A to 1, 


finelUusives 


Geotechnical parameters and experimental results derived from 
the laboratory investigation are summarized and discussed in Chapter 
4. The context in which each of the measured parameters may be 
applied in mathematical modelling of in situ processes is also 
presented, and the implications of sample disturbance on measured 


values of each parameter is quantified. 


The heat consolidation process is described in Chapter 5. One 
dimensional heat consolidation theory is developed along with 
appropriate numerical modelling techniques. Techniques for 
modelling heat transfer by both diffusion and convection are 
included. Results of Pmerteal analyses are presented which 


illustrate some of the implications of in situ heating in oil 


sands. 


An uncoupled approach for modelling two or three dimensional 


heat consolidation problems is described in Chapter 6. Two and 


three dimensional numerical analyses of heat consolidation are 


required to evaluate in situ stress changes, i.e. to model stress 
paths. Results of analyses involving excavation and axisymmetric 


heating adjacent to a shaft and steam injection well in oil sand are 


presented in Chapter 6. Hyperbolic stress-strain parameters for 
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oil sand required for incremental elastic analyses using the 


hyperbolic model are also given in Chapter 6. 


The thesis concludes with a summary of important findings of 


this research and recommendations for future research. 
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2.0 ELEVATED TEMPERATURE GEOTECHNICS: AN OVERVIEW 
2-1 Introduction 


The introduction of temperature as a state variable into the 
partial differential equations describing stresses and deformations 
in porous soils and rock requires consideration of a number of 


multidisciplinary concepts including: 


a) fundamental thermodynamics (conservation of energy); 

b) conservation of mass and fluid flow; 

c) conservation of momentum (Newton's laws of motion) 
and stress equilibrium; and 


d) thermoelasticity. 


The presence of two or three pore fluid phases along with a 
solid phase introduces further complexity into the formulation and 
solution of engineering problems in some materials such as oil 


sands. 


Theories coupling stress-temperature-strain response of solid 
bodies have been developed (e.g. thermoelastic and _ thermal 
viscoelastic theories). Thermoelastic theory has been widely 
applied (e.g. see Timoshenko and Goodier, 1934, and Boley and 
Weiner, 1960). Also, theories and analytica! techniques have been 
developed for pressure-temperature-fluid flow in porous media (e.g. 
Mercer et al., 1982). The former "thermal solid mechanics" theories 
have been applied to problems involving heating of rocks, whereas 


the latter "thermal fluid flow'' theories have been applied in 
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petroleum engineering and the hydrosciences. The need for a theory 
coupling stress-strain, pore fluid pressures and temperatures was 
recognized by Schiffman (1971) who developed a thermoelastic theory 
of consolidation. Further development and application of coupled 
theories to elevated temperature problems in the geosciences has 
been limited because of difficulties in applying the theory to 
obtain solutions to complex problems and because of inadequate 
representation of the thermomechanical behaviour of soils and rocks 
using a linear elastic stress-strain relationship. Heuze (1983b.) 
has discussed deficiencies in current state-of-the-art numerical 
modelling techniques for analyzing high level nuclear waste disposal 


problems. 


No previous research has been directed toward determining 
geotechnical behaviour of oil sands at elevated temperatures and 
pressures. However, a range of similiar elevated temperature 
geoscience nrobiene have been identified and studied. A review of 
relevant publications and theoretical concepts is outlined in 
following sections of this chapter to establish a framework for the 


oil sands research reported in this thesis. 


Foregoing research on geotechnical behaviour of oi! sands under 
isothermal conditions has provided essential background for 
developing the methodology for elevated temperature research (i.e. 
particularly the research work by Dusseault, 1S. A review of 


published strength and stress-strain properties of Alberta oi! sands 


has been presented by Au (1983) and will not be repeated in this 


chapter. 
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2.2 Literature Review 


2.2.1 Elevated Temperature Problems in the Geosciences 


The relevant publications reviewed during this study can 


be broadly classified under two major categories: 


1. Geoscience research; and 


2. Energy and mineral resources development studies. 


Many of the traditional areas of geoscience research have 
considered the implications of elevated temperatures and 
temperature changes onpeugite the earth's crust. By comparison, 
problems in the second category have been studied only 
recently. Modern development of energy and mineral resources 
has introduced a range of challenging engineering problems. 
The economics and feasibility of many energy and minera! 
resource development projects depend = on Laat ZEST TORS OT 
underground space, often in an altered thermal regime. A range 
of research and engineering problems related to heating of 
soils and rocks is summarized in Table 2.1. Publications 
pertaining re the various problems listed in Table = 2.1 


generally address one or more of the following study aspects: 


1. Problem identification and description; 
2. Evaluation of material properties and techniques for 
laboratory or field measurement; 


3. Description of theory and/or analytical procedures; or 
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4. Characterization of material response based-= on 


results of analytical studies. 


Theoretical and analytical developments, in general, 
depend upon the measurement of appropriate material properties 
and experimental cheracter ization of material behaviour. 
Accordingly, much of the current research effort related to 
this class of problem has been directed toward experimental 


research, both in the laboratory and field. 


Important material properties’ required for geotechnical 


analyses of this class of problems are: 


1. Mechanical properties including shear strength, 
tensile strength, stress-strain moduli, viscosity and 


creep law parameters, and thermal expansion. 


2. Physical properties including porosity, density, pore 


fluid saturations, fluid viscosities and permeability; 
and 

3. Thermal properties including thermal diffusivity, 
thermal conductivity, specific heat, the melting 
temperature and heat of fusion of solids, and 
pressure-temperature relationships for phase change of 


pore fluids. 


Elevated temperature problems listed in Table 2.1 are described 
under the following subheadings, and some of the relevant 


publications are noted. 
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Geological Research 


Geological researchers have considered elevated 
temperatures and pressures in the earth's crust in a wide range 
of such complex geologic processes as folding, plate tectonics, 
diapirism and magma migration; e.g. Pollard and Johnson, 1973a. 
and 1973b., discuss the mechanics of growth of laccoliths. 
Theories to explain the origins of petroleum and coal, and 
thermal alteration of rocks require elevated temperature and 
pressure conditions. These subjects are discussed extensively 
in textbooks of geology and the geological literature. For 
example, Goetz (1971) has described high temperature rheology 
of granite. Shimamoto and Hara (1976), and Parrish et al. 
(1976) have studied the process of folding. Geological 
researchers have also measured and catalogued mechanical, 
physical, and thermal properties of rocks and minerals (e.g. see 
Clark, 1966, and Burnham et al., 1969). Data for sands are 
particularly relevant to oil sand research. Maxwell (1960) 
studied the processes of compaction and cementation of deeply 
buried sands in experiments at temperatures to 350°C and 
confining stresses to about 300 MPa. Barnes and Dusseault 
(1980) studied diagenetic alteration of oi! sands under 
moderate temperatures and _ pressures. The influence’ of 
thermally generated pore pressures has also been considered in 
geology. Reynolds (1954), Delaney (1982), and Kokelaar (1982) 
describe the process of "fluidization" of sediments during 


heating of rocks adjacent to intrusive magma. 
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Geophysical and Rock Mechanics Research 


Traditional research in geophysics and rock mechanics has 
considered the role of heating in several areas including 
earthquake mechanics and fault movement, stresses in the 
esr Seacrust, | trichionals: heating. in.rock avalanches, and 
thermal fragmentation of rocks. These research topics have 
stimulated extensive laboratory investigation of the influence 
of temperature on mechanical, thermal and physical properties 
of rocks. For example, Mogi (1972) studied the influence of 
elevated temperatures on the strength and ductility of intact 
rocks. Yamaguchi and Miyazaki (1970), Wingquist (1970), 
Lehnoff and Scheller (1975), and Finnie et al. (1979) have 
studied the influence of heating and cooling on rock strength 
in relation to the thermal rock fragmentation problem. Others 
have studied temperature-dependent changes of the mechanical 
prateeri cs (in particular shear strength) of fault gouge 
materials in relation to earthquake mechanics (e.g. Bonnet and 


Jouanna, 1980, and Moore et al., 1983). 


Thermal expansion of various granitic rocks has been 
measured by Richter and Simmons (1974), Cooper and Simmons 


(1977), Wong and Brace (1979), Heard (1980) and Van der Molen 


(1981). 


The influence of heating on permeability of various rocks 
has been measured in laboratory experiments by Summers et al. 


(1978), Brace (1980), Voegele and Brace (1983) and Morrow ef 
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AilsenGhoss)s Voegele et al. (1981) measured rock joint 


permeability in an in situ "heated block" experiment. 


The influence of thermally generated pore fluid pressures 
and effective stress changes on earthquake related fault 
movements was identified by Sibson (1973). More recently, 
Lachenbruch (1980) has analyzed in a comprehensive manner, the 
interaction between fault movement and pore pressure generated 
by frictional heating. Similarily Knapp and Knight (1977) have 
considered the role of thermally generated pore fluid pressures 
in fracture propagation and related microseismicity adjacent to 
hot magma. Knapp ane NomronmeCl98i)) “have “carried out 
preliminary numerical analyses to predict stress changes in 


crustal rocks due to heating and cooling of pluton. 


Geotechnics 


| Goetechnical researchers have studied the effects of 
temperature changes on soil behaviour, including such aspects 
as thermally induced moisture migration, heat consolidation and 
related renet changes. A moderate range of elevated 
temperatures up to about 60°C has traditionally been considered 
which is consistent with the maximum range of environmentally 


induced temperature changes which would be expected in soils. 


The problem of thermal disturbance of soil samples when 


taken from the field to the laboratory has been studied by a 


number of researchers including Carter (1951), Finn (1951), 
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Hutcheon (1958), Paaswell (1967), Campanella and Mitchel! 
(1968) and others. 


Winterkorn (1954), Plum and Esrig (1969) and Mitchel | 
(1976) have published data which illustrates that cyclic 
heating and cooling of soils can accelerate secondary 
consolidation and increase the apparent preconsolidation 
pressure of soils. In addition to common environmental sources 
of heat, biological researchers have recently been able to 
measure small amounts of heat produced by microorganisms 
present in recent sediments (e.g. see Pamatmat, 1982), which 


may also cause "micro-heat consolidation". 


Voight and Faust (1982) have studied frictional heating 
and associated strength loss during rapid landslides in soils 
and rocks. These authors attribute increased mobility and 
travel distance of some rapid landslides to thermally induced 
pore pressures and strength reduction of materials within 


landslide masses. 


Energy and Mineral Resources Development 


Recent interest in the geotechnical behaviour of soils and 


rocks at elevated temperatures and pressures has evolved in 


conjunction with thermal geoscience and engineering problems 


associated with development of energy and mineral resources. 


Ground heating problems described in the literature are listed 
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Engineering implications of heat losses into the ground 
during generation, storage and transportation of ener gy 
resources must be considered during design studies. For 
example, thermally induced ground deformations and potential 
weakening of foundation soils and rocks must be considered 
during design of heated structures such as power plants, 
nuclear reactors, hot oi! storage tanks, etc. Studies of such 
problems are discussed in Mitchell (1976) and Kosar (1983). 
Similarly heat consolidation of soils adjacent to buried 
electric power transmission cables and buried hot oi! pipelines 
may result in ground deformations’ which will influence long 
term serviceability (e.g. see Radhakrishna, 1968). Storage of 
oil and liquified natural gas in underground cavities (e.g. 
Bawden and McCreath, 1979) may alter the thermal regime of 
surrounding rocks. A relatively new concept for underground 
storage of thermal energy by pumping heated water from various 
industrial and power generating sources is being studied in the 
hydrosciences. Mercer et al. (1982), Tsang and Hopkins (1982), 
Chen and Reddel!l (1983), and others have reported numerical 
modelling and field studies related to "Aquifer Thermal Energy 
StoRade WATES) a. Saurty ale (1982) have published results of 


a theoretical study of the ATES concept. 


In situ development of heavy hydrocarbon resources often 


requires ground heating. Thermally enhanced recovery of heavy 


crude oi! and bitumen from oi! sands and oi! shales, and even 


conventional recovery of geothermally heated oi! from depth can 
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resulti Gin Vheating’*of ‘ground adjacent» to: well ‘casings. 
Thermally induced ground deformations adjacent to heated well 
casings have in fact resulted in irreparable damage; e.g. 
Mainland (1983), and Smith and Pattillo (1980) have described 
and analyzed thermally induced wel| casing deformations and 
failures. Mitchel! and Goodman (1978), Ruedrich et al. (1978), 
and Lin and Wheeler (1978) have described casing deformations 
due to thawing of permafrost during oi! recovery. Production 
of geothermally heated oil, often at temperatures exceeding 
100°C, through a non-insulated well casing, may cause both 


thawing and subsequent heat consolidation around the casing. 


Mine-assisted in situ processing (MAISP) of oil! sands has 
been described by several authors including Haston (1978), 
Smith and Butler (1979), Devenny and Raisbeck (1980) and 


Charlwood et al. (1980). The study published by Smith and 


Butler (1979) includes comparative cost estimates which 
demonstrate the cost-effectiveness of being able to drill and 
instal! horizontal *steam injection and recovery wells from 


access tunnels. The higher density of wells within the pay 
zone, improved "sweep efficiency" and reduced heat losses to 
the overburden make the MAISP scheme economically attractive 
when compared with the performance of vertical wells drilled 
from surface. Nevertheless, advocates of the MAISP concept 
have recognized: that. ‘rational design «and ‘constriction ~of 
shafts, tunnels and caverns for underground access depend upon 


development of appropriate analytical capabilities to predict 


stress changes and ground deformations induced by heating and 
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injection in production zones adjacent to these underground 


openings. 


Other hydrocarbon resource recovery processes such as aia 
situ coal gasification (Greg and Oleness, 1976; Maugh, 1977; 


Ssenrider and Fischer, 1976) and .in situeretorting of oi! shales 


(Smith and Atwood, 1976) also depend on maintenance of stable 
underground cavities in the heated formation rocks. Studies 
have been initiated to evaluate cavern. stability and 
environmental problems related to thermally induced stress 
changes and ground deformations. For example, Greg (1977) has 
attempted to predict ground surface deformations resulting from 


bias he “desi fication of coal). Closmann and Phocas (1978) 


analyzed thermal stress changes near a heated fracture in 


transversely isotropic oil shale. 


Economic recovery and use of energy resources’ from 
geothermally heated and pressurized strata within the earth's 
crust may be accomplished by several techniques including: (i) 
direct heating with geothermally heated steam or water through 
heat exchangers; (ii) conversion of the kinetic energy of the 
flowstream to electrical power using steam driven turbines; and 
(iii) recovery of natural hydrocarbon gases from geothermal! 
reservoirs. Facca (1980) has given an historic summary of 
geothermal energy developments worldwide. Kern (1980) has 
analyzed recovery of heat from hot dry rocks using weighted 
(1978) 


brines as a mobile heat exchange medium. Garg et al. 


have developed software for numerical simulation of pressurized 
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geothermal reservoirs. Geothermal energy is commonly recovered 
from reservoirs ranging in depth from about 2 km to 16 km. 
Thermal stresses and ground deformations due to heating of 
shallower sediments adjacent to well casings and ancillary 
surface structures also constitute potential heat consolidation 


problems associated with geothermal energy development. 


Underground disposal of partially consumed nuclear fuels 
and other radioactive waste by-products introduces ground 
heating problems which raise concerns about their’ safe 
long-term isolation. The magnitude and rate of heat generation 
depends on the level of radioactivity. Since radioactive decay 
of "low level" nuclear wastes is well advanced, the magnitude 
of heat generated is smal! (i.e. ground temperature increases 
less than about 100°C near the heat source). Disposal of "low 
level" nuclear wastes by shallow land burial schemes is 
therefore possible (e.g. see Daniel, 1983). Deep isolation 
schemes have had to be developed for “high level" nuclear 
wastes because of larger thermal loads and because of the more 
Severe consequences On ineffective isolation. aula 
temperatures may increase by several hundred to more than 
1000°C depending upon the level of radioactivity of the waste. 
Extended exposure to high radiation levels is known to 
introduce carcinogenic and genetic health hazards. A wide 
range of disposal schemes have been proposed for high level 
nuclear wastes. Heuze (1981) has described very deep disposal, 


i.e. at depths of several kilometers or more, of high nuclear 
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wastes. The scheme would be applicable to very high level 
nuclear wastes which generate sufficient heat to melt rocks. 
Heuze (1983b.) has attempted to predict thermally induced 
stress changes and ground deformations due to heating and rock 
melting at depth. A significant research effort has been 
directed toward disposal of conventional high level nuclear 
wastes which have undergone primary radioactive decay and will 
only heat the surrounding rocks to maximum temperatures ranging 
trom avout 200°C To 74000c. Candidate repository rocks for 
these "conventional" high level nuclear wastes include granitic 
rocks, ©Fock sali, and. volcanic cocks such as basalt and tuff. 
Repository depths for conventional high level nuclear wastes 
are typically 500 m to 2000 m. Radhakrishna and Tsui (1981) 
have summarized engineering studies to evaulate the use of 
disposal vaults in granitic rocks of the Canadian Shield in 
southern Ontario. Wang et al. (1981) analyzed thermo- 
hydrologic aspects of nuclear waste disposal in granitic rocks. 
Cook (1983) has analyzed the influence of joints on thermally 
induced stresses and deformations in granitic repository rocks. 
Langer (1982) has outlined geotechnical investigation methods 
for nuclear waste repositories in rock salt. Cramer et al. 


(1983) have described an in situ heated block experiment in 


volcanic basalt related to high level nuclear waste disposal. 


Zimmerman (1983) has described in situ heater experiments in 


tuff at a candidate repository site. 


Heard (1982) has outlined general requirements for 


geotechnical evaluation of a high level nuclear waste 


repository in hard rock. Pincus eft al. (1982) have outlined 
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on-going research requirements for thermal rock mechanics 
problems. Thompson and Potts (1979) carried out analyses to 
predict the influence of thermal stresses on stability of 
underground storage cavities. Palciauskas and Domenica (1982) 
developed theoretical relationships to evaluate drained and 


undrained response of thermally loaded repository rocks. 


Disposal of high level nuclear waste encased in protective 
cannisters and deposited in soft sediments on the seafloor has 
also been considered for the purpose of providing an 
international nuclear waste disposal site. Preferred deep sea 
disposal areas which have been identified are located where 
water depths exceed about 4000 m, mainly in the Pacific Ocean 
CinGgas eta als 1982). Many of the engineering problems 
associated with this concept are outlined in Anderson (1981) 
and Hinga (1982). The problem of predicting heat consolidation 
of the soft seabed clays after emplacement of the cannisters, 
is being studied Pr alt PRGEMRRY and analytically by researchers 
in the Department of Civil Engineering at the University. of 


California at Berkley (esq. Williams, 1982; Green, 1983; and 


tay 1983) 


Solution mining processes such as potash solution, salt 
solution, uranium leaching from sandstones and the sulphur 
frasch process involve the injection of heated water (up to 
several hundred degrees Celsius) or other solvents into deeply 
buried mineral deposits (e.g. see Cummins and Given, 1973, or 


Stout, 1980). Dissolved or melted minerals are often pumped 
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to the surface through the injection wells or through separate 
recovery wells. The implications of heating adjacent to 
injection and recovery well casings have not been addressed in 
the literature. Neither has there apparently been explicit 
study of the influence of heat on deep hydraulic fracturing for 
solution mining processes. Mineral processing and industrial! 
waste waters also are often disposed of by deep injection in 
the form of brines and weighted solutions. Each of these deep 
injection processes alters the underground thermal regime and 


in situ stresses resulting in heat consolidation. 


2.2.2 Geotechnical Behaviour of Soils, Rocks and Oi! Sand at 
Elevated Temperatures 


Thermal Expansion 


esting of porous soils and rocks to temperatures of 
several hundred degrees Celsius causes the constituent solids 
and pore fluids (liquid or gaseous) to expand. If thermal 
expansion is constrained pore fluid pressures increase and the 
magnitude of stresses in the solid continuum also increase. 
There are, however, limits to the range of temperatures over 
which thermal expansion is monotonic. For example, heating of 
water-saturated soils and rocks from temperatures below the 
freezing temperature of pore water ( 0°C) results in volumetric 
contraction during phase change of solid pore ice to liquid 
pore water. At elevated temperatures pore liquids may 


vapourize, depending on the pore pressure. Thermal expansion 
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properties of liquid water are summarized in Figure re of 
Appendix A, for temperatures to 350°C and pressures to 35 MPa. 
Also, compressibility of liquid water at pressures to 35 MPa 
and temperatures to 350°C, is shown in Figure A-2, Appendix A. 
Note that the upper .limit of compressibility, iee. the 
"saturation curve", in Figure A-2 is close to the vapourization 
pressure-temperature condition for water. The increase in 
water pressure during heating when volumetric expansion is 
constrained Vis® 1 Whistrated: *in- Figure "A-355:°"for a “range” oT 
initial temperatures up to 350°C and constant liquid water 
densities above the saturation pressure. Pressures increase at 
approximately 1.0 - 1.5 MPa per °C in Figure A-3; the rate of 
thermal pressure increase declines at elevated temperatures and 
reduced water densities because of increasing compressibility 
of the heated water. Dara woTot red sin sr iaures TAS “Fo “A-5, 
inclusive, is taken from ASME, 1977 and JSME, 1968. 


Petroleum aie present in the pore space of oi! sands 
and other oil bearing rocks exhibit more complex phase 
equilibrium behaviour than water because of their heterogeneous 
composition. Various constituent hydrocarbons in oil may 
change phase (liquid-gas) over a range of pressure-temperature 


conditions, leading to non-monotonic thermal expansion. 


Thermal expansion and compression properties of several 
minerals esolids #heluding!Squartz;yebarite “(BaSozoy Shalite 
(NaCl), gypsum, and diamond are summarized in Table A-3 of 


Appendix A (based on data from Clark, 1966). 
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At very high temperatures, thermally induced volume change 
of mineral solids in soils and rocks peeemes monotonic due to 
alteration of mineral crystal structures and subsequent 
melting. Volumetric expansion of quartz at atmospheric 
pressure is shown in Figure A-4, Appendix A, based on data 
published in Clark (1966). Alpha quartz crystals expand 


monotonically up to 573°C, the "“alpha-beta transition" 


temperature. Beyond 573°C, alpha quartz crystals undergo 
inversion to a bete ‘qUartz erystel ‘structure. Monotonic 
volumetric expansion is discontinued. In fact, volumetric 


contraction is observed beyond the "alpha-beta transition". 
Dry quartz will melt at about 1050°C, however, the presence of 
water lowers the onset of melting (Wyllie, 1971). Van der 
Molen (1981) measured thermal expansion of granite (dominantly 
quartzose) at confining pressures up to 300 MPa. Van der Molen 
observed a shift in “alpha-beta transition" temperature at 
elevated confining .pressures. Figure 2.1 illustrates 
generalized trends “ae thermal volume change of quartz at 
several confining pressures and to elevated temperatures above 
the melting point. Figure 2.1 was developed on the basis of 
trends in data published by Clark (1966), Mysen (1981) and Van 


der Molen (1981). 


Mechanical and Physical Properties 


Mechanical and physical properties of cemented and 
crystalline rocks at elevated temperatures have been measured 


in. a number of laboratory and field studies. Properties of 
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granitic rocks have been widely published (e.g. Heard, 1982, 
and Heuze, 1983a, have summarized much of ne recent work on 
granitic rocks). Experimental results have also been reported 
for limestones (e.g. Wai and Lo, 1981,- and Olsson, 1974), 
cemented sandstones (e.g. Somerton, 1982) and oi! bearing clay 


shales (e.g. Closmann and Bradley, 1979, and Zeuch, 1983). 


Mechanical and physical properties of soils at elevated 
temperatures have not been studied as extensively as those of 


rocks. Limited data on Ottawa sand has been published by 


Gobran (1981) and Scott and Kosar (1982). Data for illite 
clays has been published by Campanella and Mitchel! (1968) for 
moderate temperatures to 60°C. More recent testing of illite 
clays by Williams (1982) and Green (1983) has been performed at 


elevated temperatures to 200°C. 


Moore et al. (1983) have measured stress-strain and 
strength properties of — several "soil-like" fault gouge 
materials at temperatures to 600°C. Gouge materials tested by 
these authors included crushed granite, kaolinite, illite and 


serpentine. 


Several trends in the mechanical and physical behaviour of 


rocks and soils at elevated temperatures have emerged from this 


literature review: 


1. intaets Srocks*evende  jointediy rock. masses») respond 


differently to increased temperatures. Intact rock 
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specimens have been used almost exclusively’ in 
laboratory studies while more recent large scale in 
situ experiments have identified some of the 
characteristic responses of jointed rock masses. 
Intact rock specimens generally are damaged during 
hearing eby” vale Rprecess! Sp oF uthermal® ;. erecki ng". 
Micro-cracks develop due to differential rates of heat 
transfer through the various mineral solids in the 
rock matrix with the resulting development of tensile 
and shearing stresses. Intact rock strength and 
stiffness have been . reported to decline with 
temperature while porosity increases due to thermal 
cracking. It has also been inferred that permeability 
of intact rock increases with temperature (e.g. Heard 
and Page, 1982). Actual permeability measurements on 
intact rock specimens have demonstrated that 
permeability -is also strongly dependent on interaction 
between the rock and pore fluid. For example, Summers 
et al. (1978) | reported a strong decrease in 
permeability of Westerly granite with increasing 
temperatures to 400°C due to deposition of 
precipitates in the pores. Morrow et al. (1983) have 
reported similar trends for Bullfrog Formation tuff. 
Recent large-scale in situ testing of jointed rock 
masses has demonstrated that thermal expansion tends 
to close existing rock joints. Lundstrom and Stille 
(1978) reported a decrease in the rock mass 


permeability of Stripa granite at elevated 
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temperatures. Voegele et al. (1981) also observed a 


decrease in the in situ permeability of Idaho Springs 


granitic gneiss with increased temperature, 


Witherspoon et al. (1981) described in situ heater 


experiments at Stripa, Sweden. in a jointed granite 
rock mass. Measured displacements during heating 
varied nonlinearly with temperature and were smaller 
than those predicted by calculations using linear 
thermoelasticity. Cook (1983) has developed a 
theoretical explanation for the observed effects of 
the rock joints at Stripa on thermally induced 
displacements and_ stresses. He concluded that 
thermally induced rock mass deformations depend more 
strongly on thermally induced effective stress changes 
normal to joints and shearing stresses along existing 
_ Joints than on physical alteration of the rock during 
heating. Rock joints may either be opened or closed 
depending upon whether thermal stresses are tensile or 
compressive in a given region of the rock mass. 
Thermal stresses within the rock mass are therefore 
diminished due +o opening and closure of the cracks. 

Experimental research. on soils indicates that, unlike 
intact rocks, soils undergo "thermal compaction" 
during heating. Work by Campenalla and Mitchel! 
(1968) emonstrated that clays may be compressed 
substantially during heating under constant effective 
confining stress. Campanella and Mitchel! attributed 


the "collapse" of the soil skeleton to development of 
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interparticle shearing stresses during heating which 
resulted in rearrangement on the skeletal 
configuration to enable it to support the same 
effective stress. Recent testing by Williams (1982) 
and Green (1983) has demonstrated that the compressive 
strength and stiffness of illite clays increase 
dramatically with temperature. Similar trends have 
been reported by Moore et al. (1983) for kaolinite and 
illite clay gouge materials. 

Permeability of illite clays tested by Green (1983) 
and Lin (1983) was found to be essentially constant 
over the temperature range 4°C to 200°C despite the 
measured decrease in void ratio. 

Physical and mechanical properties of dense oi! sand 
were found to be essentially invariant over the 
temperature range 20°C to 300°C in the present 
research (see Agar et al., 1983). Gobran (1981) 
reported that absolute permeability of dense Ottawa 
sand” also ‘does “net vary “with ‘tempereture. Test 
results for crushed granite (similar to dense sand) 
reported by Moore ef alt, = (1983) ‘also Showed “no 
appreciable variation of strength or stiffness at 
elevated temperatures to 400°C. At 600°C, however, 
both stiffness and strength of the crushed granite 
decreased, apparently because the "alphe-beta 


transition" temperature of quartz had been exceeded. 
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Generalized trends in the mechanical and physical 
behaviour of clay soils, dense sands and intact rocks described 
above are illustrated schematically in Figure 2.2. Although 
changes in the mechanical and physical behaviour of soils and 
intact rocks with temperature are essentially opposite, it may 
be speculated that the macroscopic response of an intensely 
jointed rock mass to elevated temperatures is essentially 
similar to the smaller scale response of an assemblage of soil 
particles. This observation is supported by the work of Cook 


C1963). 


One further important aspect of the geotechnical behaviour 
of oil sands at elevated temperatures relates to the viscosity 
of bitumen in the pore space. The dynamic viscosity of bitumen 


in Alberta oil sands is very high et reservoir temperatures, 


Typically less ‘Than 20°C: Viscosity of bitumen decreases 
dramatically with increasing temperature. Hence, wit. hs 
desirable to use thermally enhanced oil recovery techniques. 


The influence of temperature on the dynamic viscosities of 
Athabasca and Cold Lake bitumens is shown in Figure 2.3 for 
atmospheric pressure pani ione Figure 2.3 is based on data 
presented by Winestock (1974). Figure 2.3 presents a 
simplified picture since bitumen viscosities are also sensitive 
to the bitumen composition and pressure. Nevertheless it is 
apparent that both Athabasca and Cold Lake bitumen are 
essentially immobile at reservoir temperatures. The pore space 
of oil rich oil sands is typically 90 per cent saturated with 
bitumen while the remaining 10 per cent of the pore space is 


occupied by water. Hydraulic diffusivity of oil sands at 
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(1) CLAY sOILs 
(2) DENSE SANDS 
(3) INTACT ROCKS 
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FIGURE 2.2 Generalized Trends in Physical and 
Mechanical Properties of Clay Soils, 
Dense Sands and Intact Rocks During 
Heating (below the melting point) 
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reservoir temperatures is almost entirely dependent upon 
mobility of the water phase, i.e. the effective permeability to 
water. At elevated temperatures, excess pore pressures 
dissipate more readily because both the bitumen and water 
phases are mobile. The coefficient of consolidation of oil 
sand is therefore more strongly temperature dependent than that 
of other soils and rocks saturated with less viscous pore 


fluids such as water or gases. 


2-5 Theoretical Concepts 


The development of a_ self-consistent theory of heat 
consolidation requires consideration of the fundamental principals 
of thermodynamics in addition to traditional concepts of continuum 
mechanics. The classical consolidation theories apply specifically 
to multiphase porous media which include both solid and fluid 
continua. Ree eens of mechanical and/or thermal energy changes 
to a multiphase porous medium causes deformation of both the solid 
and fluid phases. If deformation is restrained the state of stress 
in both the solid and fluid phases changes. Since “fluids, . by 
definition, cannot sustain shearing stresses, the viscous pore fluid 
continuum flows through the pore space of the solid phase in 
response to pore pressure gradients. The movement of fluid in 
response to thermal and mechanical! perturbations relative to that of 
the solid phase involves a time-dependent process of mass transfer 


and pore stress change. 


The basic equations for a heat consolidation theory include: 
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a) an energy equation; 
b) a continuity equation; and 


c) equations of motion. 


A rigorous theory of heat consolidation requires that these field 
equations be fully coupled in terms of displacements and 
temperatures. The physical principals invoked to derive these 
equations are discussed briefly in the following subsections. 
Coupling of the heat consolidation equations through thermoelastic 


constitutive relationships is also described. 
2.3.1 The Laws of Thermodynamics and the Energy Equation 


The first and second laws of thermodynamics may be stated 


concisely as follows: 


1. Energy may be tranformed from one form into another, 
but it can neither be created nor destroyed. 


2. The entropy of an isolated system can never decrease. 


It is generally assumed thet a continuum is initially ina 
state of thermodynamic equilibrium, i.e. neither of the state 
variables, temperature or entropy, are varying with time. Upon 
application of mechenical or thermal perturbations, the entropy 
of the continuum increases. In general, the heat consolidation 
equations (i.e. the energy equation, continuity equation and 
both 


equations of motion) must be coupled in terms of 


temperature and strain because of the interconvertibility of 
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thermal and mechanical energy. For example, the temperature of 
a solid body is known to change when the state of strain of the 
body is altered adiabatically (Fung, 1965). The resultant 
energy equation for a porous medium would be of the form (e.g. 
Schiffmann, 1971): 


x eS oT ; Oly eyed O€vE 
Vik, WT) + pq = pe aE TS 5t ae Moet. (2.1) 


where: Sy denotes average stress variation with 
temperature in the solid phase, Fy denotes pore 
fluid pressure variation with temperature, |, 
denotes average strain in the solid continuum, €,, 
is the fluid volumetric strain, 9* is the heat 
Supply “per \funit © mass;eeky) genotes thermal 
conduchivity, pris Smass cadensity) and «cis: »the 


specific heat. 


The second and third anne on the right hand side of equation 
2-1 are mechanical energy terms accounting for straining of the 
solid and fluid phases. For some engineering applications the 
interaction between strain and tempereture is ignored and the 
mechanical coupling terms are omitted. Equation 2.1 (the 
energy equation) then reduces a; the differential equation for 
heat transfer by thermal diffusion. For problems involving 
forced convection, the third term is retained and the resulting 
form of the energy equation is described as the convective- 


diffusion equation. 
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2-3-2 Conservation of Mass and the Continuity Equation 


A continuity equation is required to describe transient 
mass transfer of the fluid phases in porous media since pore 
fluids move with respect to the solid phase. Derivation of the 
continuity equation for heat consolidation problems is based on 
the principal of conservation of mass. It should be noted that 
the principal of mass conservation may violate the first law of 
thermodynamics for non-isothermal conditions. In facet, mass 
and energy are not conserved separately, but are inter- 
convertible. Molecular masses actually increase during 
heating, however the mass changes are generally so small that 
they are undectable, except in nuclear reactions. 
Consequently, the principal of conservation of mass is 
sufficiently rigorous for most heat consolidation problems in 
soils and rocks. It is often assumed that there are no 
physico-chemical interactions between the fluid and solid 
phases so that the nase of each phase is conserved separately. 
Where there are physico-chemical interactions such as 
precipitation or chemical dissolution of solids, derivation of 
the continuity equation~ must be based on combined mass 
conservation of the solid and fluid phases. When movement of 
the fluid phase relative to fiat of an inert solid phase is 
considered, the generalized continuity equation is of the form 


(e.ge see Mercer et al., 1982): 


a( PN) es 2 (262) 
at + V(Vpv.) 0 
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Transient variation of the porosity, %, depends on mechanically 
and thermally induced variation of the principal effective 
eumesces (leg, 40,4, and 04). s Also, if. the solid particles 
(i.e mineral grains) are incompressible, porosity varies 
directly with the principal strains, i.e. the first invariant 
OTe Stirs Mel = MICE te te): Transient fluid flow velocity, 
Vi, is usually governed by Darcy's Law which states that the 
relative velocity is proportional to the pore pressure 


gradient. 
2-3-5 Equations of Motion 


The equations of motion of a porous solid continuum are 


governed by: 


a) the law of conservation of mass; 
b) Newton's laws of motion (conservation of momentum); 
and 


c) the law of conservation of energy. 


Conservation of energy and the energy equation have already 
been discussed in the foregoing section 2.3.1. Conservation of 
mass of the fluid phase was discussed in section 2.3.2. The 
requirement that the mass of the solid phase be conserved is 
satisfied in the derivation of the equations of motion of the 


porous solid continuum. 
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Newtons' laws of motion require that the rate of change of 
linear momentum of a body be equal to the resultant of the 
applied forces and that the rate of change of angular momentum 
be equal to the resultant momentum of the applied forces. 
Newton's laws are used in conjunction with the law of 
conservation of ee fs derive the so-called "Eulerian equation 


of motion" (e.g. see Fung, 1965): 


Pam sia Vouis +) xy (223) 
where X; are body forces. 


Consolidation of a porous medium is governed by effective 
stresses. Accordingly, the stress terms in equation 2.3 should 


be written in terms of effective stresses, e.g. see Schiffmann 


(1971). 


In the absence of body forces equation 2.3 may be 


written in terms of effective stresses as follows: 


tea . (2.4) 


where X is Biot's "soil-water interaction coefficient" 
(Biot, 1941); X is a measure of the ratio of the volume of 
pore fluid drained to the volume change of the .solid 


skeleton. 
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When non-transient, quasi-static conditions are assumed, the 
inertia term on the left-hand side of equation 2.3 goes to zero 


giving the equation of stress equilibrium. 


2-5-4 Thermoelastic Consolidation 


The simplest form of constitutive law relating stress and 
strain with temperature is a linear thermoelastic relationship. 
The Duhamel-Neumann law (see Fung, 1965) defines stress changes 
within a solid continuum during non-uniform heating due to 
suppression of thermal strains by boundary restraints, surface 
tractions, etc. The resulting constitutive equation is of the 


form: 


= ts C725) 
cre rae a She 7X 
where Ci iki are the elastic moduli and oa are 
the thermoelastic moduli. For isotropic linear elastic 
material 


Di, > [eg] = aa + 20 


Solution of  boundary-value problems involving the 
foregoing fully-coupled heat consolidation equations is rather 
ditt icurt, even when linear thermoelastic constitutive 
relationships are used. Accorditngly,a aif is, attractive to 
assume "quasi-static" conditions and ignore the interaction 
between strain and temperature. When these simplifying 


assumptions are introduced: (i) the inertia term may be 
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omitted from the equations of motion (equation 2.3 or 2.4) 
giving the stress equilibrium equations; and (ii) the 
mechanical coupling term in the energy equation (equation 2.1) 
may be omitted. The theory then degenerates to a quasi-static 
theory in which heat transfer (by diffusion or convective- 
diffusion) and thermoelastic consolidation are treated as two 


separate problems. t 


The equilibrium equations satisfying stress equilibrium 
and strain compatability of the porous elastic continuum may be 
derived by extension of Biot's poroelastic consolidation theory 
(Biot, 1941, 1955). The quasi-static thermoelastic equations 
of equilibrium may then be written in terms of displacements in 
the following form: 

G'V'w, te OA eG Wi ing peo eeGU VT EX VP =/0K2.6) 
where A' and G! are drained elastic moduli, and wj are 


displacements. 


Schiffmann (1971) has derived equilibrium equations of similar 
form. Analyses of transient heat consolidation problems using 
quasi-static thermoelastic theory, then require independent 
soloution? .of:: (i) the transient heat transfer equation, and 


(ii) the stress equilibrium equations (2.6). 


Further decoupling is possible if it is assumed that total 


stresses remain constant during heating in the solution of the 
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continuity equation (2.2), and/or that pore pressures do not 
change with total stresses, i.e. ignore the fourth term on the 
left-hand side of equation 2.6 which links total stress and 


pore pressure changes through volumetric strain. 


Numerical solutions for uncoup led thermoelastic 
consolidation are developed in Chapters 5 and 6 —=— and 
implications of some of the foregoing assumptions on numerical 


predictions are explored. 


2.4 Summary 


This chapter gives a broad overview of the current state of 


elevated temperature geotechnics. A wide range of problems 
involving subterranean heating have been identified in the 
geosciences literature. The complexity of fully coupled three 


dimensional heat consolidation theory and solutions appropriate for 
many of these problems has not been addressed in a comprehensive 
manner to the present time. Simplified, uncoupled approaches have 
been adopted ranging from thermoelastic solid mechanics solutions 
for rock mechanics problems to thermal fluid flow solutions for 
petroleum engineering and hydroscience problems. The need for 
on-going experimental research to study geotechnical behaviour and 
to measure material properties at elevated temperatures is widely 
recognized. General aspects of the response of rocks and soils to 
heating have been outlined based on the literature review conducted 
during this research. Finally theoretical concepts required for 


development of heat consolidation theory drawn from thermodynamics 
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and continuum mechanics are summarized and discussed. Basic heat 
consolidation equations which may be derived from the theory are 


presented for illustration purposes. 
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3.0 LABORATORY TESTING 


so 


The Laboratory Testing Facility 


3.1.1 General Description 


Laboratory equipment was assembled to measure the influence 
of elevated temperatures and pressures on _ geotechnical 
properties of oi! sands. The laboratory facility includes the 


following major components: 


a) a one-dimensional consolidometer compression cell; 

b) a triaxial compression cell and loading frame with 
servo-control led axial loading; 

c) two back pressure injection systems; 

d) a confining pressure system; 

e) heaters and temperature control systems; and 


f) a data acquisition system. 


The compression Cee: and pressure injection systems were 
designed and constructed primarily of grade 316 stainless steel 
to operate at confining stresses up to 30 MPa (4500 psi), pore 
pressures to 27 MPa (4000 psi) and temperatures to 300°C. 
Vertical compression loads up to 440 kN (100,000 Ibs.) may be 
applied to triaxial samples. The laboratory facility also 
includes several innovative features. Heated reservoirs on 
line with the upstream and downstream back pressure systems 
permit injection of steam or hot water and experiments may be 
conducted with either liquid or vapour back pressures. Bitumen 


drainage and collection facilities allow flushing of oi! from 
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samples during permeability tests at elevated temperatures. 
The servo controlled triaxial compression device may be used 
for stress or strain controlled testing. Pre-peak or post-peak 


behaviour may be investigated. 
3.1.2. High Temperature Consol idometer 


A schematic drawing of the consolidometer cell is shown in 


Regus: Sl 


Cyiinag real-samp lesa 7S mm. Vin diametenmeand (25) tows mmnein 
height are laterally Panveied in a stiff stainless steel 
consolidometer ring mounted inside the cell. Vertical stress 
is “applied to the sample throwgh a hydraulic ram pushing a 
movadle piston mounted above the sample. The hydraulic ram is 
dgivemmby \pressumiized™ silicone oil “hydraulic Tlwid) from a 
constant " pressure, air-actuated pump. A linear voltage 
displacement transducer (LVDT) is mounted vertically on top of 
the consolidometer cell and screw-connected to the loading 
piston. The LVDT monitors vertical deformation of the sample. 
Back Sey SEP EF or injection pressure) is applied to the top of 
the sample through a port in the consolidometer wal! connected 
to a group of symmetrically located perforations in a circular 
pattern in the loading piston. Similarly, beck pressure! Ths 
applied at the base of the sample through a lower port in the 
consolidometer wall! connected with a group of drainage conduits 
below the sample. Porous metal discs formed from pressed 


sintred stainless steel are mounted on the top and bottom of 
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to datalogger 


\ 


LVDT to measure vertical 
deformation of sample 


~ \— silicone oil line from, constant pressure 
pump to apply piston load, equipped 
with pressure transducer connected 
to datalogger. 


high strenth bolts 


high strength tie-bolt 


Prd 


ACES 


(en D N 


waee 


oad st 


flow directions for - piston to load sample 


bitumen flushing 
upstream line from injection 


pressure system 
flow direction for | 
permeability measur. 
air cooled differential pressure ej 
ucer 


om, 
Ce eihhith 


ao Ht AS A 


porous metal plate 
consolidometer ring 


NJ 


= 


MONS 
EDONEAT A 


flow directions for 
bitumen flushing 


= 


bleed & flushing ine. 


flow direction for 

permeability measur. 
termocouples 
to temperature 


ae ee 


cartridge heaters 
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the sample uniformly, to act as filters to prevent erosion of 
sand grains from the sample into drainage conduits, and to 
generate relatively uniform distributions of back pressure at 
the top and bottom drainage interfaces. Porous metal discs 
were pre-compressed and preheated prior to apparatus 
calibration and testing. Two additional ports through the 
consolidometer walls are used for saturating, bleeding and 


flushing lines as well as for pressure monitoring access. 


The sample is isolated from confining pressure fluid 
(silicone oil) by rubber O-ring seals mounted on the hydraulic 
ram. Leakage of pore fluid around the consolidometer ring is 
prevented by rubber O-ring seals on the piston and at the base 


of the consolidometer ring. 


The consolidometer cell was constructed as two components 
seated together and connected with six high strength carbide 
steel tie-bolts extending through the wall of the top chamber 
and tapped into the lower chamber wall. Bolts are 0.5 inches 


in diameter by 6 inches long. 


The consolidometer cell is heated by four 500 watt (at 240 
volts) cartridge heaters (0.5 inches in diameter by 4 inches 
long) connected in series and embedded in the wall of the lower 
chamber around the perimeter of the sample. A J=-type 
(iron/constantin) thermocouple embedded in the consol idometer 
wall monitors the temperature of the cartridge heaters as wel 


as providing set-point feedback to the temperature controller. 
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The internal sample temperature is monitored by a thermocoup le 


embedded in the bottom porous metal plate. 
3.1.3 High Temperature Triaxial Compression Device 


A schematic drawing of the triaxial cell is shown in Figure 


S678 


The triaxial cell was designed to test samples 75 mm in 
diameter by 150 mm high at confining pressures up to 27 MPa, 
back pressures up to 20 MPa and temperatures to 300°C. Other 
sample sizes ranging from NAL core (COOMA Hem) stommlZ5 mm 
diameter may also be tested if the appropriate size loading 
caps, internal strain gauge yoke and membrane are provided. 
The cell was constructed of grade 316 stainless steel with four 
components? (i) othe cy hindrieat cell wall; Cii) a threaded and 
counterstink topampletex< Citidena loadingepiston;. and,.Giv), Ja 
threaded base plate and pedestal. Back pressure and confining 
pressure drainage ports, strain gauge wires and thermocouples 
all’“access the interior of the triaxial cell through pressure 
sealed fittings in the base. Strain gauge wires are sealed. in 


fusite Cor glass-blown) fittings through the base of the cell. 


The top plate end base plate screw into the cylindrical 
cell wall and each is pressure sealed with a single rubber 
O-ring. The loading piston is fiitted through a hole in the Top 


cap and is pressure sealed with a pair of rubber O-rings. 
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Piston to load sample, 440 kN 
capacity , loading rate controlled by 


servo controller with load cell or 
LVDT feedback. 


300 x 425mm 
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FIGURE 3-2 High Temperature Triaxial Compression 
Apparatus 
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The sample is mounted on the cell base with porous 
stainless steel discs, and top and bottom loading caps. The 
sample is enclosed in an impermeable membrane which is sealed 
With’ winbber PO-rings To “The top ‘and bottom loading caps. 
Silicone rubber-membranes were used for this research, however 
other membrane materials are available and are discussed in 
Subsection 3.1728. iBack pressure drainage ports nite connected 
through the top and bottom loading caps to the porous stainless 
steel plates. A third back pressure drainage port may also be 
optionally connected through the membrane at the mid-height of 
the sample. A steel strain-gauged yoke assembly is fastened to 
the top loading cap. The arms of the yoke are spread apart as 
vertical deformation proceeds, by a stainless steel cone 
attached to the bottom loading cap. The axial strain gauge 
yoke and loading cap are shown in Figure 3.2. Lateral 
deformations may be meesured by a strain gauge clamp, with 


friction screws bearing against rigid stainless steel buttons 


embedded in the wall of the membrane (also shown in Figure 
SIZ 
OM sand samples’ for -ariaxial * testing “ere prepared), ‘ard 


mounted on the cell base in a cold room (-20°C) separate from 


the testing laboratory. It was necessary to design and 
fabricate a trolley to transport the cell base and mounted 
sample from the cold room to the laboratory. The trolley 


consists of a rotating pedestal supported on a "“hand-pump" 


hydraulic jack, all mounted on a base plate with three coaster 


wheels. Upom arrivalle in the ‘laboratory, “The cell’ base “and 
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sample can be jacked up and screwed into the suspended triaxial 
cell wall. The cell and sample are then mounted in the loading 
frame using a 5000 |b. capacity, hand operated hydraulic crane, 


also on wheels. 


The triaxial cell is filled with a temperature stable (i.e. 
niga tlash poirnt and’ low vapourization are che hydraulic 
fluid; for this research, silicone oil with graphite additive 
was used. The cell fluid is pressurized by a constant pressure 
air-actuated diaphragm pump. The pressurized cell fluid 
applies confining stress to the sample through the flexible, 


impermeable membrane barrier. 


ine ptriaxial cell iS heated: by eight. 1000 watt Cer 240 
volts) cartridge heaters 0.50’ inches in diameter by 12 inches 
long embedded in the cylindrical wall of the triaxial cell. A 
J-type thermocouple is inserted in the triaxial cell wall to 
monitor wal | pe ae and to provide set-point feedback to 
the temperature control unit. Internal cell temperatures are 
monitored by two thermocouples inside the cell: one located 


near the top, and the second located near the bottom of the 


sample. 


The reaction loading frame for the triaxial apparatus is 
constructed entirely of grade 416 stainless steel. The loading 
framé "consists -of “a sbettom pleatecanda top ‘plate’.cach' 56 cm “by 
dowen bye? . Ss) emerinck ands four, threaded rods, "each S.0rrem “in 


diameter by 140 cm long. The threaded rods are tapped into the 


\ 5 
mar Mey 


3 ) ; ule 
€ ae i. i 
tr ic : 7 5 ie 
1) elihdle ne dary ieee? ay vote sash as ‘Pouitagig ea 
amaucd’. Taiwanese « peu tnn whiny gt, a ‘load 
at Pale uf 
5 7 ed 7 oie es ‘dealing “stagiomay hbaihh 
HE Wags aed 6) .wd pe tannee ¥i, tohul Paine sao 
thee wo ae ae eet 
re nqueat dull al Tan crit 
: | ean. 
} : oe 
y A ee ti a " A ‘ \ wen + ‘ a t = . a ! 
ef ; x 7 mcr ; : 
aor ange Oy 4, i ‘ata | aabecane | 
A , 4 Lr a i: goal aso : 
| he ag See RN ich Leite Te, w 
fs P] 2 7 hl ci de Us sf, ee a. 
2c, oS A ; Bai aia aha cae qi yetnne?» 
1) Rik, 32 eee 5 Wide aban, : pede err atta eaeet ait % 
Man Ory ae eee as a ange iets. i ein sive cea ethiel ¢ 
» ‘ % ri : 98 oy i. 
peanny \ eek: Te de ey Pi Pee: a. Pad angie aa? ied sat wa? “ser 
si he bf , te : ‘ 
a : ie ie: adie , 
vir = 7 : : , ; \ q OF pal "* : “a 7 jay : solaber 
“ ’ “ae Pe Noes ay i. By | 
7 ee ri ity ae. iy RK ' 
fait : 7 inerheie grad, ‘ % ‘es 4 sie ; gh, 409 nr s nthe ; way tag ieee 
4 ‘ : hha iP a - ‘Si tte, tes Hag) h Tin WP od 4 id 44 ete ty qa our Tana. 
ee A ae RS pa ole} i) i a ta ey ro Pans’ 
rand : i FT: a od 4 ve awir tu 4 oy ae “ieee és: Go" i im éec 
Lg gid dps? ate.sktat % saa aR ike i het ah, ‘werarin| 9 
ae | 
t An + ; 9 if 
i ; +t + 
i J * ' 
es a 
nil » wi os a at 
‘ Gag - j Ae ry 
e on 


Page 58 


bottom plate while the top plate is positioned with eight hex 
head ‘nuts (5.0 cm 1.D.). A*440 KN capacity hydraulic jack is 
mounted in the base plate of the triaxial loading frame. The 
pedestal at the base of the triaxial cell is seated on the ram 
of this hydraulic jack. The hydraulic ram lifts the entire 
triaxial cell. Vertical stress is transmitted to the sample 
through the top loading piston which is forced to bear against 
the top plate of the reaction loading frame. The reaction 
loading frame was designed with a factor of safety not less 
than 2.5, for loads up to 440 kN. The rate of loading by the 
hydraulic ram is controlled by a servo-control unit with either 
load= cell gor JLVDI “tMeedback,gmise. for, stress or strain 


controlled testing. 


Since the entire triaxial cell moves up as axial shear 
loading proceeds, it was necessary to construct a flexible 
manifold'for the back pressure drainage lines connected to the 
base of the cell. The manifold was assembled using a series of 
two-way swivel fittings in a configuration designed to 


eliminate bending stresses jn the drainage tubing. 


3.1.4 Pore Pressure Injection System 


FIgUuee Som iSuanscnenatic ciagram -of the: pore pressure 
injection system. The pressure injection system includes an 
upstream pressure supply (i.e. to the top of the sample) and a 
downstream pressure source to the bottom of the sample. The 


pressure injection system may be placed on-line with either the 
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consolidometer or triaxial cell, or alternatively a single 
pressure source may be used with either cell for static 


compression or thermal expansion tests. 


The upstream.and downstream pressure. sources are air 
actuated diaphragm pumps. The pumps are driven by a 600 kPa 
compressed air supply. A schematic diagram of the pump 
components and assembly is shown in Figure 3.4. FO. bud 
pumping or static pressure applications, the pump diaphragm is 
activated by a slight reduction in the water pressure. Each 
time the diaphragm is activated, an instantaneous pressure 
decline of approximately 34 occurs before the set point 
pressure is restored. This tends to be disadvantageous in low 
pPRessure - static gesting. gana low differential pressure 
permeability testing. The system includes an accumulator which 
helps to maintain a constant pressure level during static tests 
i@ tne high pressure’ range Ciw@es 4 to ZF MPa). In order to 
permit better control fern low pressure range, a separate low 
pressure system (i.e. 0 to 4 MPa) was installed. Figure 3.5 is 
a schematic diagram of the low pressure system. The pressure 
source for abl ay pressure system is compressed nitrogen under 


17 MPa pressure. 


Tubing for the pore pressure injection system is 0.25 inch 
O.D., formed from grade 316 stainless steel and conforming to 
ASTM standard A-269. Tubing which is not subjected to heating 
hes 0.035 inch wall) thickness end is rated for "pressumes upmito 


5900 psi (40 MPa). Tubing in the heated and insulated zone has 
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0.049 inch wall thickness and is rated for pressures up to 8000 


psi (55 MPa) at temperatures up to 300°C. 


The pressure injection system is separated into two zones: 
(i) a room temperature zone away from the consolidometer and/or 
triaxial cells, and (ii) a heated and insulated zone adjacent 
to the test cells. As is shown in Figure 3.3, the room 
temperature and heated zones are separated by two 150 ml 
capacity heat exchange bottles, located adjacent to the 
upstream and downstream steam generators. The heat exchange 
bottles were fabricated from grade 316 stainless steel and are 
rated by the manufacturer for pressures up to 5000 psi (34 MPa) 
at temperatures up to 300°C. A cooling coil fabricated from 
0.375 inch 0.D. copper tubing was placed on the downstream heat 
exchange bottle. Coole tap, water (5 TomnOeO is circulated 
Through the copper coil during permeability experiments to 


prevent heat transfer beyond the heated zone. 


Upstream and downstream hot water or steam generators each 
of 1900 m! volume capacity, are located in the heated pressure 
injection zone. The steam generators act as reservoirs of hot 
injection fluid and also serve as reservoirs for collection of 
bitumen drained (or flushed) from the sample during injection/ 
permeability testing. Figure 3.6 is a schematic diagram of a 
steam generator. The steam generator cells were fabricated 
from grade 316 stainless steel with top and bottom plates 
connected to the cell with 0.5 inch diameter carbide steel 


bolts. The steam generators are heated by electrical steel 
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heating jackets over the surface area of the steam generators 


is 2.5 watts/cm2 at 240 volts. 


Stainless steel tubing in the heated zone is heated with 
silicone rubber heat tracing. Silicone rubber strips are 1.5 
mm thick by 20 mm wide and vary in length from 50 cm to 90 cm. 
The silicone rubber heat practic ene a wattage density of 


2.2 watts/cm2 at 120 volts. 


The heat traced tubing, steam generators and test cells 
(consolidometer and triaxial cell) ,are externally insulated. 
The insuletion material used is produced from high strength 


ceramic fibres and inorganic bonding agents, brand name 


"Pi berieax, ‘Morsg-Pack DM. This asbestos-free insulation 
Marerial is fsupp lied: siiee7.. > m rolls of 6 mm or 12 mm 
thickness. When wetted the material is very flexible and may 


be cut and formed over / the ’compiex yshapes of the laboratory 
equipment. The formed insulation then air dries to a hard, 


rigid structure which subsequently retains its form. 


The volume change device measures the volume of fluid 
entering or leaving the test cells. The volume change device 
is located in the room temperature zone and may be placed 
on-line with either the upstream or downstream pressure 
injection pumps. lt should be noted that the volume change 
cell is provided with an electrical heating jacket and may be 


placed in the heated zone. Figure 3.7 is a schematic drawing 


of the volume change device. The main chamber of the volume 
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change device was constructed of grade 516 sheet stainless 
steel. Top and bottom plates are secured in place by 0.50 inch 
diameter carbide steel bolts. A metal bellows formed from 
grade 316 stainless steel of 0.020 inch wall thickness is 
mounted on the base of the chamber. The metal bellows is 
welded to stainless steel flanges top and bottom by means of a 
computer controlled cold wire feed heli-arc welding process. 
Alternatively, flanges may be silver soldered, however, great 
care is required to avoid damage to the thin sheet stainless 
steel and to ensure that a pressure seal is formed. The metal 
bellows is cylindrical in shape and expands or contracts 
vertically in response to small pressure gradients in the order 
of + 0.50 kPa. Downward travel of the bellows is limited by 
three internal stainless steel rods 0.5 inches in diameter by 
6.5 inches long which act as spreaders between the top flange 
and base plate to prevent buckling of the thin sheet stainless 
steel walls. An external LVDT mounted on the top plate of the 
chamber is Breed a stainless steel piston, 0.625 inches 
in diameter, which extends through an O-ring seaied port in the 
top plate and is tapped into the top flange of the metal 
bellows. The LVDT is anibranes against volume changes inside 
the metal bellows. The practical operating range of the metal 
bellows is 75 ml with an absolute maximum 100 ml capacity. The 
metal bellows may be damaged if subjected to differential 
pressures exceeding 450 kPa when it is either fully extended or 


contracted and supported by the spreader rods. 
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A flow metering valve with micrometer adjustment was placed 
on-line in the room temperature zone to fine adjust flow rate 
and thus control the pressure drop across a sample during 
permeability testing. Also, differential pressure transducers 
manutactured by Validyne Engineering Corporaton were used to 
measure differential .pressures across the sample during 
permeability testing. urenpeueen diaphragms of varying 


sensitivity may be installed in these transducers. 


Integral bonnet barstock "V-stem'" valves (brand name 
"Whitey"), constructed from grade 316 stainless steel with 
teflon packing are used Ree ey flow in the room temperature 
zone of the pressure injection system. The "V-stem" valves are 
rated for 40 MPa pressure at 25°C. Severe service union bonnet 
"ball tip" valves (brand name "Whitey"), constructed from grade 
316 stainless steel with graphite packing are used to control 
flow in ‘the heated pressures injection: zone. hine? bre Ihe Pipi” 
valves are rated for 40° MPa pressure at 25°C and 30 MPa 


pressure et 300°C. 


All threaded fittings in the system are sealed with 
graphite tape (brand name "Grafoil") to prevent leaks over a 


wide range of temperatures. 


Viton rubber O-ring seals have been used predominantly 
throughout the system to date. Viston. rubberoaks mated efor 
continuous service in oi up-to 225°C; however, it deteriorates 


when exposed to water heated above 125°C. It has been 
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necessary to frequently replace the viton rubber O-rings 
exposed to extended hot water service; however, they have 
performed satisfactorily in tests at 250°C for durations up to 
five days. While the viton rubber O-rings are readily 
available and inexpensive, it will probably be necessary to use 
O-rings rated for hot water service .in future tests of long 
duration. Silicone rubber O-rings are currently being used in 
the steam generators. Several other brands including "Parker" 
and "Kalrez" (by Dupont) are now available which are rated for 
hot water service. It should be noted here that several O-ring 
seals in tne triaxial cell (on the top and bottom loading caps) 
are .subsected .to both hot. water and hot silicone oil 


simultaneously. 
321.5 Confining Pressure and Axial Loading Systems 


epee confining stress in the consolidometer and lateral 
confining stress in the triaxial,’cell, are transmitted through 
pressurizec silicone oil. The pressure source at low pressures 
in the rance 0 - 4 MPa, is a compressed nitrogen over silicone 
oil. system. identical to the back pressure injection system 


detailed in Figure 3.5. For higher confining pressures up to 


50 MPa, @ constant, pressure air-actuated diaphragm pump, 
identical +o the pore pressure injection pumps detailed in 
Figure 3.45. 1S, used. The high pressure system includes a 


"Diladder-tyjse" accumulator for. maintaining constant static 


confining stresses in the high pressure range. 
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Axial shear loading in the triaxial apparatus is powered by 
@ servo-controlled, electric motor powered hydraulic pump 
driving a 440 kN capacity hydraulic ram. The hydraulic pump 
has manual valves for controlling flow. The electronic 
servo-control unit uses load cell transducer feedback to 
control the hydraulic pump loading rate between preset lower 
and upper load limits. Alternatively, LVDT feedback may be 
used to control the displacement rate of the hydraulic ram, 
i.e. for constant rate of strain testing. A block function 


diagram for the servo-controller is shown in Figure 3.8. 
3.1.6 Temperature Control System 


Temperatures of the consolidometer and triaxial cell 
cartridge heaters, and the steam generator heating jackets are 
controlled by three independent single set-point digital 
temperature controllers. The two cartridge heater controllers 
were manufactured . Omega Engineering, Inc. and the heating 
jacket controller for the steam generators was manufactured by 
Chromalox. The temperature control boxes have’ internal 
microprocessor based ee fenottar delay time (SPDT) relays rated 
ate fi-amps resistive at 120 volts AsG. (ine relay is wired 
through an external 20 amp. circuit breaker. The 
microprocessor-based SPDT relay responds to feedback from a 
J-type thermocouple and alternatively switches the Seite 
heating elements on and off at a fixed time interval to reach 


and maintain the set-point temperature. 


ger isla Bate 
bf. 98 ROL om iy 


ve = 
om! 


a ern wh obirae. hataeint with ax 7 
oT svi uaralint: Daven ~upteas” “riiaune, a A 
“eye ah gen “ns oct mew 

Ling Pap he on E we ‘gti fon thea * | 

A Apegibemt Seen yoy i eee, none fK W 
) me) Noa ng) Heated ete! gp shea | gx | a al a 
~ a Oe ent Ea ‘ (Hey ae Hi vad " 

nae Pen wee te ‘aie innatpacl) Gh aoe 


cotter’ aw apritest fiers. to ati 


; 5M ih: Al a awe sWhletoaa ore 
7 é sli! | ; i a (ai ante % y a” i : ae 
page A a) lw 2 nat wine ferns 4 

regh r ‘ ' " el ‘ a 


ot : 
whe 


Bets Bi hei bros ret etobi needa | wt? > JO ae 


ane 4 stad walters Sabir! aati onuta’ A ‘ bur | 
1. site bibbes mere) ee: Reid bee ar _ a 
; 3 a 


= 


ee i. 
_ f 


wn soe a i aa | yam st. 4 neaess -. 


Salat wie eer arr Perper on 


vad ‘exw lay A eepge — ariel “antgahtve ieaad oikubetie ae 
bata * aes ar ie: sels be sb py tte lier ee poe! 


Ag et ONE aN tows S ge” We Slenaarke” cow) Spoor? ae 
; , Fie of aes 
cot 


4, er? dose! lee eae MARA IRR beaed-e 14850 "Etat: Ag can 


+ . ni ; ; : ) Ee , 
stint) oat satin Vigw tana’ (e', dee “elavenaeatt salsqt fy 
Jt : 5 peo ay { : . i : 
: a ' Fe i * Aa yr 5 ® i fa 7 . 
i» ee at a a eee ane See bt ew Ye Ve Ab he 2nd be: b Sad feet . 
me ; 9 A he . ; i ; , a | ; 7 a 
4 ee ee liom ted ert oiémien baer oh 
a ri ‘ee - ‘e - i, 3 av nq Ls ; 
| ° Pst 
a : ae 
x '. ie ; be : 
= = Ne: | 
3 ie r r | Le @ qi 
“a 303"? - } ; 
oe ag 4 ‘ , u j 
i 
tony aue c ¢. : 
pee i 


Page 71 


pt fp lel O SERVO NULL 
@) LEVEL INDICATORS INDICATOR 


| RAMP Lea ACTUATOR LOW POINT 
INDICATOR O morcator 


DISPLACEMENT LIMIT SIGNAL 
TEMPERATURE UMIT SIGNAL 


FIGURE 3.8 Servo-Controller: Block Function 
Diagram 


a ee ae obit ape : 
- 1 


7 en fi A tt a 
ts : ; - RU ie 
8.0) PUA ge 


Page 72 


Temperature control of silicone rubber heat tracing for 
stainless steel tubing in the system is essential ly the same, 
i.e. simoke: set ipoini controls The microprocessor-based 
contro! box for the heat tracing, however, includes both a 
relay and an internal.15 ampere circuit breaker. This control 


box was manufactured by the Barber Colman Company. 


3.1.7 Electronic Signal Conditioning and Data Acquisition 
Systems 


The signal conditioning system includes three circuit 
boards each having ten channels. The signal conditioner 
transmits a constant excitation voltage from the power supply 
to each electronic transducer (i.e. LVDT's or strain gauge 
transducers). Most transducer circuits are Wheatstone bridge 
configurations. The signal conditioner also picks up output 
voltage signals from the transducers and transmits these 
Signals to the data. acquisition system. The output voltage 
signals may be "conditioned" before transmission to the data 
acquisition system, i.e. corrected for electronic zero drift, 
by adjusting manual potentiometers which are mounted on the 


signal conditioner circuit boards (i.e. one per channel). 


A Hewlett-Packard HP3054DL data logging system was used To 
Scanm,, process’ and record output signals from eliectronic 
transducers and thermocouples. The data logging system 
includes a 100 channel HP3497A data acquisition unit and an 


HP85 microcomputer. The HP85 computer software is programmed 
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in BASIC command language to scan voltage signals from the 
electronic transducers at specified intervals and convert the 
voltage signals into engineering units of pressure, load, 
volume, displacement, etc. The HP85 is also programmed to 
record the converted voltage signals on cassette tape or floppy 
discs. A hard copy of the output in engineering units may be 
obtained on a paper tape printer as the experiment proceeds. 
Also, up to three key channels may be monitored on a CRT screen 
during the time interval between scans. EMF voltage signals 
from thermocouples are converted directly into °C and added to 
reference temperatures by calibrated linearized circuits in the 


data acquisition unit. Output temperatures are also recorded 


by the HP85 computer. 


A "Gandolf" serial interface and telephone line have been 
installed to permit the HP85 microcomputer to be used as a 
remote terminal on the main frame AMDAKL’ computer at the 
University of Alberta. An interface program DATCOM was 
obtained from Hewlett Packard and modified to initiate 


communication and data transfer between the HP85 and AMDAHL 


Systems. 
3.1.8 Triaxial Sample Membranes and Cell Fluids 


Rubber membrane jackets for triaxial samples were used for 
this research. Ane  RTV: isidicone rubber produced “both by 
Canadian General Electric and Dow Corning was selected because 


of its advertised stability at elevated temperatures. 
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The RTV silicone rubber is commercially available in liquid 
form (relatively high viscosity) with a apn pansten catalyst. 3A 
catalytic reaction occurs gradually upon addition of 5 to 10% 
by mass of the catalyst forming a solid silicone rubber. A 
mould and injection system were designed and fabricated for 
FORM noms mi th .bs rubber membrane jackets. A schematic 


diagram of the membrane mould is shown in Figure 3.9. 


Durima, Veborepory testing ia was) discovered thar RIV 
silicone rubber tends to swell and depolymerize in the presence 
Of ‘Silicone ol get Geleveted {hemperatures:. The practical 
temperature limit for normée! test durations less than five days 


is 200°C for this «ell fluid - rubber jacket combination. 


A range of other membrane materials anc cell fluids was 
investigated in search cv a non-reactive combination for 
testing above 200°C. .Some of these materials and cell fluids 
are summerized in Tables 3.1 and 3.2. The most promising 
option apparent from this limitedsstudy is tre use of copper 
membranes formed either from soft copper shee-ing .001 to .003 
inches in thickness. or ~ from copper tubing. Copper is 
non-reactive with Silicone wom and ‘steble at "elevated 
temperatures less than 10C°2°C; however it may rupture at low 
sifains: ia tre orders. of 2%) or less ‘and preliminary trials 
indicate “thee a is avery edi tt icult = to cforms pressure. seal 


around the loading caps unless mechanical seais are used. 
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HIGH TEMPERATURE TRIAXIAL MEMBRANES 


Membrane Material 


Silicone Rubbers 
a) RTV (CGE & Dow Corning) 


b) Fluorosilicone (RTV730) 


c) Silicone Elastomers 


Viton Rubber 


Teflon 


Copper 


Continuous 
Service 
Temperature 

Rating 


260°C 


260-C 
260°C 
2250-6 
in oil 
230°C 
>500°C 
(1083°C 


melting 
point) 


' 


° 


Comments 


Swell and Depoly- 
merize in silicone 
oil above 200°C 
(Catalytic Cure) 


Cures by an addi- 
tion reaction 


Deteriorates in 
contact with water 


STi tt 
Difficult to seal 


Limited axial 
strain (1.5%) 
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TABLE 3.2 


HIGH TEMPERATURE TRIAXIAL CELL FLUIDS 


Silicone O11 with Graphite 


° Dow Corning 710.G 
Flash Pt. > 250°C 


. “"Multitherm" Contains Silicone Oi| 


Fluorosilicone Oils Very Expensive 


Pharmaceutical Grade 
Mineral Oils 
Flash Point 


"Odourless Mineral Spirits" 


BOE 


200°C 


Glycerine Flash Point 


° Flash Point 220-C 
Manufactured only in 
West Germany 


"|someric Dibenzyl Benzoil" 
BP OLEX WFO801 


+ ) cf F o- 
ee ON ee, a ne 
; a, (Ue uc ‘i A wt i : vt AL 
“ae 7 z keee ere ; a ' ‘o 5 - we 
: : ae iim ‘ : i r ye ae : 
“a wan -0 toi letra my ta hw de . iar eel ere , 
. ; ; , ae Git Foe 
Ot Dh ene Ae cu) al bm? oo Mer are 
a+ " a , ; ; iy i 
) : ae f syd ¥, Ae ni wean 
Y \ Mio : i ai; ma : 
*% aw tn ie ae Se Pee ng ies: ar en i 
( { re / “ oy 
Ria hie nk oie ts 
ae - le ; 
fi i : 3 iy 7 ee 
; An 6 p ay ae ‘, 
4 ; i ; ' : ee ee 
Al ae 1 f ' ee > +h aes Sy : 
| 7 P . bh Ker, - ; ‘9 ig ae me Oh POF 4 er 
¢ a. e - ; \ 7 4. § 3 ow ll s ; 
ay 


ne 


fi Fits sae a, 
oe 4 ; 9 J 
ef ano | * y 
AG , 
, ae 
4 ' ra , a 
y 4 4 
} 4 $4 . 
. F é Me as “ae s a 
A ke * PORE des’ 
> yee 4 +o pip thant pant ea temenchameiill 
; Be wae } 
ee 3. ke 


4 a7) B 
' HTT gtinwd ward Ps Ae 
i greet « 1 aete 


, SPARE is er tehOR © he 


Ne . ; 
é ay i eriniat yh , ' “4 r " 


’ , q i} 


siene len freer wert 2174 “athe, 18 


* aia i sacri val ale 
ae Talo" Wael ric 8 ef he 
; | 
ar : ri ae | i P 4 " Gur 
the daa A? then 


“=o { 
tae 3 


rin”: pig? need qe 


7 = ——— 
ae ee ae 
a il e - 
F 
Pp 
: 
a 
S 
ae, 
+ 
148 
7 


3-2 


Page 78 


Two other types of silicone rubber compound were tested: 


(i) fluorosilicone RTV rubber; and (ii) a silicone elastomer 


(brand 


name Sylgard) which cures by an addition reaction. 


Neither of these rubber compounds performed satisfactorily at 


temperatures in excess of 200°C. 


Apparatus Compliance Testing 


3.2.1 


Introduction 


Compliance testing may be separated into three general 


categories: 


a) calibration of electronic monitoring devices including: 
pressure transducers, strain gauge load cells, LVDT's, 
strain gauge displacement devices, and thermocouples; 

b) comp liance measurements to isolate apperatus 
deformations and stresses which may be included with 
external measurements of sample behaviour, e.g. piston 
friction, apparatus thermal and stress expansion, and 
membrane stiffness, etc; and 

c) compliance proof testing of the overall system on a 
sample of known properties (e.g. aluminium sample) in 
order to evaluate accuracy and precision. 

Tne above three categories of compliance testing were 

completed prior to conducting tests on oil sand samples. In 


addition, calibration checks were repeated periodically during 


the testing program and a full suite of monitoring device 
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calibrations was again carried out upon completion of each 


major phase of the testing program. 


3.2.2 Thermal Expansion and Compression Properties of the 
System Fluids, Mineral Solids and Metals 


Volume change and external load and deformation measuring 
devices record the lumped response of both the sample and the 
testing apparatus to temperature and stress changes. 
Compliance testing categories (b) and (c) listed in subsection 
3.2.1 are aimed at isolating the system response to thermal and 
stress changes. It was therefore, necessary to be cognisant 
of thermal expansion and compressibility properties of the 
metals from which the system is fabricated and tne pressurizing 


fluids. 


Properties of water were obtained from steam table 
publ ications (e.g. ASME Steam Tables, 1977 and Japanese Society 
of Mechanical Engineers Steam Tables, 1968). Thermal expansion 
and compressibility of water are presented graphically on 
Figures A-1l) and A=Z *in Appendix/A.o Figure A-3 illustrates the 
pressure response of water to heating at constant density, i.e. 


fully confined under conditions of zero volume chenge. 


Silicone oil with graphite additive (Dow Corning 7106 Oil) 
was used as the hydraulic fluid through which vertical 
confining stress was applied in the consolidometer and as the 


confining cell fluid in the triaxial cell. Selected properties 
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of the silicone oi! cell fluid are listed along with properties 


of water and bitumen in Table A-1, Appendix A. 


Properties of several metals are summarized in Table A-2. 
All components of the test apparatus subjected to heating were 
fabricated from stainless sale grade: S\6.°. The. triaxial. load 
frame was constructed of grade 416 stainless steel. Cee and 
brass were used to construct some elements of the low pressure 
systems. Kovar was used for glass blown pressure fittings in 
the base of the triaxial cell to permit access for strain gauge 
wires. Aluminium samples were used in the system compliance 


testing program. Silicone rubber was used for the triaxial 


membranes. 


Volume change properties (published in Clark, 1966) of 


quartz and several other minerals are summarized in Table A-3. 


Therma! expansion of quartz, the dominant mineral solid in 
Athabasca and Cold Lake oil sands, is plotted in Figure A-4 
over the temperature range 20°C to 1000°C. Figure A-4 is a 


plot of data published in Clark,” 1966. 
3.2.3 Calibration of Electronic Monitoring Instruments 


Calibrations were required for the following electronic 


monitoring devices: 
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a) 2 - 7000 kPa strain gauge pressure transducers 
b) 4 - 35000 kPa strain gauge pressure transducers 


c) 2 - 140 and 500 kPa differential pressure transducers 
(strain gauge type) 


d) 1 - volume change device LVDT (500 HR) 
e) 1 - consolidometer LVDT (1000 HR) 
f) 1 - triaxial cell external LVDT (1000 HR) 


g) 2- internal axial strain gauge yoke arms for the 
triaxial cell 


hh)’ 1iVinternal lateral strain gauge clamp for the 
triaxial cell 


i) 1 - 220 KN load cell for the triaxial apparatus 
j) 1 - 440 KN load cell for the triaxial apparatus 


k) 13 - J-type thermocouples (iron/constantin). 


Calibration of strain gauge pressure transducers was 
carried out using a dead weight table hydraulic pressure 
system. Pransducer calibrations and electronic zero drift were 
checked during each test by connecting the dead weight pressure 
generator directly on line with the system transducers. 
Transducer calibrations were generally nonlinear in the lower 5 


to 10 per cent of their operating range. 


The volume change device LVDT was calibrated against a 
graduated burette for volume response and against a micrometer 
scale. for linear - displacement compliance. Similarly 
consolidometer and triaxial LVDT's were calibrated against a 


micrometer scale. 
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The internal axial strain device for the triaxial cell was 
calibrated using precision cut PVC plastic tube spacers. The 
internal lateral strain device for the triaxial cell was 
calibrated against a micrometer scale. Both internal strain 
device calibrations were checked at elevated temperatures, 
however, no significant deviation from room temperature 
calibration was measured. Strain gauges are mounted on these 


devices in pairs to provide temperature compensation. 


External load cells, of 220 kN and 440kN capacities, for 
the triaxial test apparatus were calibrated against proving 
rings of compatible load capacity. Proving ring calibrations 
were checked against several other hydraulic ltoading system 
gauges at the University of Alberta which had been calibrated 
independently in order to verify the accuracy of the proving 


rings. 


J-type thermocouples used for monitoring system 
temperatures were calibrated by the manufacturer, however, 
these calibrations were checked in constant temperature baths 


to ensure reliable performance. 


Calibration for each of these devices used in the testing 


program are summarized in Table A-4. 
3.2.4 Compliance of the Consolidometer Apparatus 


Several aspects of the consolidometer response to thermal 


loading and stress changes were identified as follows: 
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The internal chamber of the consolidometer cel! and the 
consolidometer ring expand during heating thus allowing 
the diameter of the sample to increase. 

The consolidometer chamber expands laterally in 
fesponse—Fo, increases sin, —both-— back .pressure,,and 
effective vertical confining stress. 

Vertical thermal expansion of the apparatus and porous 
metal plates occurs due to heating causing an error in 
vertical LVDT readings. 

The porous stainless steel plates ("porous stones") 
mounted on the top and bottom faces of the sample are 
compressible. ) 

The volume change device measures thermal volume 
expansion of water in the consolidometer cell 
extraneous to the sample. 

The volume change device measures volume change of 
extraneous water in the system due- To. .pressure 
compressibility of the water end pressure expansion of 
the system Ceg: tubing, cell, O-Rings, .etc.). 

Piston friction reduces the vertical stress being 
avoaieee to the sample. Piston, friction. varies. with 


confining stress, pressure and temperature. 


It was necessary to quantify each of the above factors and 


apply the appropriate corrections to volume change, vertical 


LVDT deformation readings and confining stresses in order to 


isolate the sample response. 
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Item (a), lateral thermal expansion of the consol idometer 
cell ‘was measured by connecting an external LVDT in a 
horizontal orientation to the consolidometer cell and measuring 
diameter changes during heating. The measured volume expansion 
is compared with predicted thermal expansion of a thick-walled 
stainless steel cylinder of 75 mm internal diameter in Figure 
A-5. The measured and predicted deformations shown in Figure 
A-5 are almost identical, with some minor divergence at high 


temperatures. 


Lateral expansion of the consolidometer ring due to an 
increase in effective vertical confining stress depends upon 
the magnitude of Poisson's ratio of the sample. A lateral LVDT 
was again used to measure diametric expansion of the 
consolidometer due to vertical effective stress increase on an 
oil sand sample and. due to internal pore pressure increase. 
Apparatus expansion measurements due To incrementa! pore 
pressure and effective vertical stress are presented in Figures 


A-6 and A-7 respectively. 


The porous. metal plates and  consolidometer expand 
vertically due to thermal expansion causing an error. in 
vertical LVDT measurements. The magnitude of apparatus 

h 


expansion was measured during compliance testing on the 


aluminium sample. This correction factor is shown in Figure 


A-8. 


The porous stainless steel plates were precompressed under 
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stress of 50 MPa and then the compressibility was measured up 
to 30 MPa, i.e. within the stress range of the consolidometer. 
Vertical compression versus compressive stress is shown in 


Figure A-9. 


Correction of volume change measurments for thermal 
expansion and compressibility of extraneous water in the 
consolidometer cell and in the system was based on steam table 
data. System compressibility was also checked on several 
occasions by isolating the consolidometer cell, increasing the 
back pressure and recording the volume change. The measured 
volume of extraneous water inside the consolidometer was 
approximately 23 ml compared to sample volumes ranging from 125 
to 275 ml. The volume of water in the system external to the 
consolidometer cell varies depending upon whether the steam 
generators are onor off-line. A typical correction curve for 
extraneous water in the consolidometer is shown in Figure 


A-1 0 e 


Piston friction was evaluated for the consolidometer in a 
series of undrained heating tests by balancing pore pressure 
and. contiming ‘stressivuntiil™ the. pistonrastabil ized. The 
magnitude of piston friction at that particular temperature was 
then the difference between the confining stress anbd pore 
pressure. Figure A-11 is a synthesized plot of piston friction 


versus temperature. 
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3.2.5 Compliance of the Triaxia!l Apparatus 


Compliance testing to isolate apparatus and sample 
responses to temperature and stress changes in the triaxial 
cell was conducted independent of the consolidometer compliance 
testing. Internal strain gauge deformation devices eliminated 
errors associated with apparatus thermal expansion. The 


following compliance corrections were quantified: 


a) Compression of the porous stainless steel plates was as 
for the consol idometer. 

b) The volume of extraneous water in the triaxial cell was 
determined to be 18 ml. Volume change correction for 
thermal expénsion and compressibility of the extraneous 
water was determined from steam table data. 

€) Volume change measurements were corrected for 
compressibility: of apparatus and water external to the 
triaxial cam (i.e. the pressure injection system). 
This system compressibility was measured during each 
test at the test temperature by isolating the triaxial 
ceil, increasing sressure and measuring volume change. 
System compressibility is dependent on heat tracing 
temperatures and whether or not the steam generators 
are on line (i.e. system temperature and volume). 
System compressibility typically ranged from 0.40 to 
0.80 ml/MPa. 

d) Piston friction reduces the magnitude of axial load 


applied to a triaxial sample, and is dependent upon 
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confining stress, temperature and axial stress. 
Internal load cells are generally preferred in 
geotechnical testing since they measure directly the 
axial load on the sample independent of piston 
friction. An external load cell was used in this 
experimental work and it was therefore necessary to 
quantify piston friction. Initially the Peelvence of 
confining stress and temperature were measured simply 
by increasing the confining stress (cell pressure), 
which pushed the piston upward, and recording load cel| 
readings over a range of temperatures from 20 to 245°C. 
Results of this calibration test are are summarized in 
al CHOMP a Am cys The magnitude of piston friction was 
found to be a linear function of confining stress and 
essentially independent of temperature. It was then 
arscovered (that dubrication “of sthe; piston “O-ring" 
seals with a molybdenum-based lubricant substantial ly 
reduced echt friction; furthermore piston friction 
was found to be nearly constant with confining stress. 
Calibration with the lubricated piston is presented in 
Figure A-13. A third test was conducted to determine 
the influence of axial stress on piston friction. This 
test was performed by mounting a 440 KN capacity strain 
gauge load cell inside the triaxial chamber and a 220 
kN external load cell. Piston friction, the difference 
between internal and external load measurements was 
found to be approximately a linear function of axial 
stress with some minor hysteresis on unloading. Piston 


friction versus the external load cell reading is shown 
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in Figure A-14. 

Deformation measurements in the triaxial cell include 
the combined response of sample and membrane to 
temperature and stress changes. It is therefore 
necessary to determine the stiffness of the sample 
membrane in order to isolate the deformation response 
of the sample. Corrections for rubber membrane 
stiffness may be determined provided several 
assumptions are made. Bishop and Henkel (1957) assumed 
(i) that the compression modulus of rubber is similar 
to the extension modulus; (ii) that the membrane is 
capable of taking compression when held against the 
sample by confining pressure; (iii) that the sample 
deforms as a right cylinder; and (iv) that hoop 
stresses are small since Poisson's Ratio is 
approximately 0.50 for rubber. Silicone rubber 
membranes 76.2 mm internal diameter by 170 mm high with 
an 8.3 mm wall thickness were used as a confining 
stress interface in this testing program. Membrane 
extension tests were carried out in an industrial oven 
over a range of temperature from 20°C to 205°C, to 
measure the extension modulus of the silicone rubber 
membranes. The membrane extension apparatus is shown 
schematically in Figure A-21. Load-deflection results 
from membrane extension tests are presented in Figure 
A= 15 It is noted that the stiffness of silicone 
rubber in extension is approximately three orders of 
magnitude smaller than the compressive stiffness of oi] 
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It was observed during the testing that silicone rubber 
softens and depolymerizes in the presence of silicone 
oil cell fluid at elevated temperatures (i.e. a 
chemical reaction occurs). Delineation of this effect 
would have required design and _ construction. of 
elaborate apparatus and procedures; and since this 
correction factor is already negligible it was decided 
to ignore the influence of further softening for this 
testing program. 

Compliance proof testing on a cylindrical aluminium 
block sample in the triaxial cell was conducted to 
evaluate deformation and volume change measurements. 
Figure A-16 to A-20 inclusive summarize measured versus 
theoretical thermal expansion and stress’ induced 


deformations. The magnitudes of measured vertical and 


horizontal deformations were greater than those 
predicted assuming properties of aluminium listed in 
Table A-2Z. The difference between predicted and 


measured vertical deformations may be attributed in 
part to vertical compressibility of the loading caps 
and porous er Ainiess steel plates. The back-calculated 
vertical compressibility of these components of the 
apparatus was 6.6 x 1074 mm/kN (0.046 per cent 
strain per KN). This small correction factor was 
applied to test results for oil sand samples. ; The 
differences between measured and predicted lateral 
strains were small and are attributed to experimental 


error. 


It should be noted that the lateral strain gauge clamp 
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was found to be too stiff to use on oi! sand samples, 
which possess no true tensile strength. This problem 


is discussed further under triaxial testing. 


3.5 Sampling and Sample Preparation 
3.361 Sample Disturbance 


Uncemented oi! sand is highly susceptible to expansion and 
microstructure disturbance when in situ effective confining 
Stresses. .are released. rapidly, i.e. during sampling. 
Cohesionless sands possess no tensile resistance to expansion 
and very low resistance to ay STO). shear. Dissolved methane, 
carbon dioxide and light hydrocarbon gases in the bitumen and 
porewater phases begin to exsolve when confining stresses are 
released. The effective permeability of oil rich ofl sand to 
gas tise relatively” low,7 ise. less “than 10719m2 or 1 


millidare at i situ temperatures because of the extremely 
Y> ; p 


high viscosity of bitumen. The dynamic viscosity of Athabasca 
bitumen at reservoir temperatures is in the range 1-5 x 106 
mPa.s (1 mPaes = 1 cp). Expansion of oil sand thus occurs as 
dissolved gases exsolve and expand but are prevented from 
draining. The rate and magnitude of expansion are increased 
due to the fact that exsolving gases expand rapidly and 
maintain elevated pore pressure even as volumetric expansion of 
the oi] sand occurs. The relatively large volume expansion 
associated with gas exsolution disrupts the interlocking 
mineral grain structure. Hardy and Hemstock (1963) identified 
the mechanics of sample disturbance in oil sand. Dusseault 


(1980) has attempted to analytically quantify core expansion 
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due to the effects of solution gas. Core recovery in excess of 
100 per cent is common when standard sampling techniques are 
emp loyed. The gas exsolution and expansion processes are 


accelerated as unprotected core warms from in situ temperatures 


iy eine sorder “of. 4°C- “fo. O°C.4.4o -"warmer .amblenf air 
temperatures. This phenomenon is also visibly apparent in open 
pit mine slopes in oil sand where a "slabbing" mode of slope 


degradation commonly occurs (Brooker, 1975). 


Sample disturbance can adversely influence geotechnical 
properties in laboratory tests. Petrophysical properties, 
pressure-volume-temperature (PVT) data for pore fluids and 
geologica! interpretation of core are also subject to incorrect 
interpretation as a result of sample disturbance. The 
influence of sample disturbance on the geotechnical properties: 
strength,,.compressibility and stress-strain behaviour has been 
quantified to some extent by Hardy and Hemstock (1963), 
Dusseault (1977), Barnes (1980), Dusseault (1980) and Sterne 


(1981). 


In general, isothermal porosity or dry density change due 
to sampling is the best indicator of sample disturbance. 
Dusseault (1977) described the use of borehole geophysical data 


to determine in situ bulk density for comparison with sample 


densities. 


Disturbance of the interlocking micro-structure of oil sand 


can dramatically decrease strength and increase 
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compressibility. For example, Tustin (1949) conducted some of 
the first triaxial compression tests on oi! sand at the 
University of Alberta. Standard core sampling procedures were 
used and despite considerable care in handling and transporting 
his samples, he found very little difference between strength 
and compressibility properties for intact and remoulded samples 


of Athabasca oil sand. 


More recent geotechnical laboratory studies and 
observations of natural slopes in oil sand indicate substantial 
differences in undisturbed and remoulded strength and 


compressibility. 


Undrained thermal expansion and compression properties may 


be altered if the pore fluids (water, oi! and gas) are changed. 


For example, if gross expansion of an oil sand sample is 
permitted, light hydrocarbon gases wil! exsolve and drain from 
the sample. A portion of the expanded pore volume will be 
occupied by air. If the sample is then saturated with water 


and trapped air driven into solution under pressure, the 
composition of the the pore fluids may be substantially altered 
and thus undrained parameters measured in laboratory tests will 


not be representative of in situ conditions. 


3.3.2 Undisturbed Sampling Techniques 


Hardy and Hemstock (1963) used a pressure coring procedure 


to obtain high quality core samples from depths up to 50 m. 
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The pressure core barrel, manufactured by Jersey Production 
Research, allowed oil sand core and drilling Filia to be sealed 
in the core barrel at bottom-hole pressure. Core samples were 
then frozen in the core barrel prior to releasing the confining 
pressure. Problems with handling, shipping and trimming this 
core cast some doubt on ultimate application of the measured 


geotechnical properties to in situ modelling. 


Dusseault (1977) used a double tube Christensen core barrel 
with plastic inner liners and attempted to freeze oil sand core 
samples downhole by circulating chilled diesel fuel in the 
hole. This procedure worked with some degree of success for 
oil-poor and fine grained oil sands. However, oi! rich sand 
samples expanded substantially and other operational problems 
such as sloughing of the hole limited the overall success of 


the operation. Dusseault (1977) described more ideal and 


costly techniques including pre-freezing the oil sand in situ 
prior to coring. mae technique is known to have been employed 
with some degree of success in industry, however, the results 
have not been published. Recent proprietary development of 
pressure coring equipment has also resulted in successful high 
quality sampling in Alberta; again, however, details have not 
been published. Dusseault and Van Domselaar (1982) have 
describec in a general manner some of the recent improvements 


in deep borehole core sampling technology. 


Dusseault (1977) and Barnes (1980) obtained block samples 


of oil-free Athabasca sand from river valley outcrops in the 
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Fort McMurray region. Samples were used to measure shear 
strength and compressibility properties as wel | as for scanning 
electron microscope examination. Sterne (1981) used large 
block samples of. oil rich sand from the Suncor open pit 
minesite near Fort McMurray. Test specimens obtained from the 
oil rich block samples were substantially disturbed (i.e. 


porosity in excess of 40 per cent). 


Smith et al. (1978) obtained relatively high quality core 
samples from the walls of the Saline Creek tunnel. Reported 
pulkoSdensities “tor these “samples ranged” from 210° ro" 2.12 
Mg/m>. Oil sand at this location near the valiey wall hes 
experienced gradual removal of confining stress and reduction 
of pore pressures due to erosion and formation of the Saline 
Creek vailey (over a period of approximately 10,000 years, i.e. 


during Pleistocene). 


Dusseault and Sterne (1980) attempted diamond coring on the 
Saline Creek valley wall outcrop during summer. Access 
problems and warm ambient temperatures caused sampling 
difficulties. Also, removal of unfrozen core samples from the 
bottom of the hole resulted in both tensile and torsional shear 


damage to samples. 


Oil rich oil sand samples were obtained by diamond coring 
during late winter from the Saline Creek outcrop for the 


geotechnical testing reported herein. High quality samples 


with porosities ranging from 32.7 to 37 per cent were obtained. 
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Sampling difficulties experienced by Duseault and Sterne (1980) 
were alleviated due to the frozen condition of the outcrop and 


cold ambient temperatures. 


Freezing prevents. microfabric disturbance of oil sand 
during sampling by: (i) freezing the porewater to provide some 
true tensile resistance to ekuene ine (ii) increasing the 
bitumen viscosity to very high values; (iii) depressing the 
pore liquid pressures and the bubble point pressure by 
shrinkage; and (iv) increasing the solubility of gas in the 
bitumen and porewater thereby limiting the rate and amount of 


gas exsolution upon stress release. 
3.3.3 Rationale for the Sampling Program 


Oil sand core samples were taken from the Saline Creek 
valley eine at a location approximately 1 km south of the town 
of Fort McMurray near the Saline Creek diversion tunnel. 
Coring and sampling were carried out in Late March of 1981. 
The rationale for obtaining samples at this location and time 


of year was fourfold. 


1. Athabasca oil sand of fine to medium grain size and 
rich in bituminous oil is exposed near the surface, 
thus sample retrieval does not require costly ‘deep 
coring techniques. 

Z. Overburden confining stresses and pore pressures have 


been reduced very gradually with erosion and 
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downcutting of the Saline Creek valley. The slow rate 
of stress release has allowed natural and light 
hydrocarbon gases (i.e. methane, carbon’ dioxide, 
hydrogen sulphide) exsolving from the pore liquids to 
drain without disturbance of the sand micro-structure. 
.2-'~A database for } geotechnical properties of ofh sands 
from this location sien, existed as a result of 
geotechnical investigation related to construction of 
the Saline Creek tunnel (eg. Smith et al., 1978). 
4. The depth of freezing is near maximum, i.e. up to 2 m 


or more, in late winter. 


Core samples 100 mm in diameter from the frozen depth 
interval 0.3 to 1.0 m below the slope face were immediatley 
sealed, packed on dry ice and transported to Edmonton. Samples 
were stored and trimmed for testing in a climate controlled 
room at ~20°C. Samples remained frozen continuously during 
sampling and sample preparation, and were only allowed to thaw 


after being confined in the test cell. 


The collection of core samples obtained were sufficiently 
uniform to conduct a comparative study of the effects of 
elevated temperature and pressure on the geotechnical 
properties of undisturbed oil sand. Also, it was possible to 
quantify for the first time, the influence of very subtle 
levels of disturbance on strength and stress deformation 


behaviour of Athabasca oi! sand. 
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3-524 Outcrop Sampling Technique Used at Saline Creek 


The coring rig used to obtain samples from the Saline Creek 
valley wall is constructed of aluminium and may be handled by 
one man. The support frame is supported in place on the slope 
byihups to! twelve’ 8° towl2 inch long rock anchors. The core 
barrel has diamond cutting teeth and is nominally 100 mm in 
internal diameter by 470 mm long, with a 2.5 mm nominal wall 
thickness. The core barrel is driven by an 8 horsepower 
gasoline engine side-mounted on the frame; rotary torque is 
transmitted through a chain drive and the gear _ driven 
"down-hau!" force is applied manually. Chilled diesel fuel may 
be circulated through the drill string and core barrel to 
lubricate and cool the diamond cutting teeth. After coring the 
core barre! is removed from the hole. The down-hole end of the 
core samp le is sheared off laterally using a long thin steel 
wedge. Specially designed wire hooks are used to lift the core 
out of the hole. | This break-out operation becomes more 
difficult with increasing depth of sampling. Also, unfrozen 
oil sand core cannot be removed downhole by this technique 
without causing significant sample disturbance (Dusseault and 
Sterne, 1980). The maximum. practical depth for outcrop 


sampling by this technique is less than 1.0 m. 


After removal from the hole, frozen core samples were 
moisture sealed by coating in paraffin wax. Bulk densitiies of 


the waxed, frozen core samples were measured on site. 
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3.3.5 Sample Shipping and Storage 


Frozen oil sand core samples, 100 mm in diameter were 
coated with paraffin wax, double wrapped in plastic, sealed and 
packed in heavy plywood shipping crates filled with dry ice and 
insulated with styrofoam. Samples were shipped to Edmonton, 
unpacked and stored in a climate controlled cold room at -20°C. 
Bulk densities of core samples were remeasured in_ the 
laboratory cold room for comparison with "on-site" bulk density 
measurements. The success of the shipping and _ handling 
procedure was confirmed by the fact that no measurable 
difference was detected between bulk density values measured 


"on-site" and in the laboratory cold room. 
3.3.6 Undisturbed Sample Preparation 


Sample preparation was carried out in a cold room at -20°C. 
Oil sand core samp les, 100 mm in diameter, were prechilled on 
dry ice (-80°C) for twenty-four hours prior to trimming. 
Samples were then trimmed to the final 76 mm diameter on a four 
speed belt driven lathe using a diamond tipped trimming bit. 
Samples were notched using a carbide steel notching bit at the 
desired length, i.e. 25 mm for thermal expansion = and 
compression testing, 50 mm for permeability tests or 150 mm for 
triaxial testing. Notched samples were then cut with a diamond 
saw. Samples were finally remounted in the lathe in a custom 
designed chuck, in which the ends were trimmed smooth at right 


angles to the cylindrical axis. Final diameter and end 
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trimming were performed with a square carbide-tipped finishing 


bit. 


It should be noted that considerable care and patience were 
required to avoid sample disturbance during trimming. Initial 
trimming from 100 mm to 80 mm diameter was performed in 0.250 
TOLO 3) 9 Mmecurs. “Pinal trimming and finishing were performed 
in 0.050 to 0.125 mm cuts. Several factors which were found to 
contribute to sample disturbance during sample preparation 


included: 


a) Packing plastic eaned samples on dry ice allowed 
carbon dioxide to diffuse through the plastic and 
permeate the sample. Samples were much = more 
susceptible to swelling during sample preparation. 
Samples were subsequently stored in sealed paint cans 
to prevent permeation of carbon dioxide into the sampte 
while chilling on dry ice. 

b) Carbide peed trimming bits were found to wear rapidly 
on the abrasive oil sand core. Considerable heat 
build-up resulted as the bits became worn. Also, bits 
had to be changed frequently during the trimming 
operation. A diamond tipped bit was found to be 
satisfactory for continuous trimming without 
resharpening. 

c) Occasional delays are required during’ trimming, 
particularily during the final trimming stage to allow 
the bit to cool, in order to limit potential thermal 


disturbance of the sample. 
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3-3-7 Sample Mounting Procedures 


Trimmed oil sand samples for testing in the consol idometer 
were mounted in a chilled stainless steel! consolidometer ring 
in the cold room. The consolidometer ring and sample were then 
quickly mounted in the consolidometer test cell. Confining 
stress sufficient to prevent thermal expansion as the sample 


thawed and wermed to room temperature was applied immediately. 


Triaxial oi! sand samples were inserted into chilled rubber 
triaxial membranes. Rubber membranes were extended laterally 
either in a vacuum chamber or by axial compression in a steel 
mounting frame to facilitate insertion of the samples. The 
membrane and sample were then mounted on the triaxial cell base 
in the cold room. Strain gauge wires and drainage ports were 
also connected in the cold room. The trolley-mounted triaxial! 
cell base and sample were then wheeled into the laboratory. 
The triaxia! cell wall was lowered over the base; the base was 
then jacked up and screwed into the cell wall. The triaxial 
cell and sample were then hoisted by hydraulic crane and placed 
in the loading frame. The triaxial cell was filled with 
stlicone oilscell fiuid. The top cap of the triaxial <ellh was 
screwed into the threaded cell wall and the top loading piston 
inserted through the top cap. The top plate of the loading 
frame was then lowered into place by the hydraulic crane. The 
load cell and confining pressure system were connected and a 
confining stress applied to the sample to prevent expansion as 


the sample thawed and warmed to room temperature. The total 
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time required to transfer a triaxial sample from the cold room 
to the laboratory and apply confining stress ranged from 20 to 
35 minutes. Vacuum confinement (100kPa) could be applied to 
samples during mounting in the laboratory, however, this was 
found to be cumbersome and of questionable value in preventing 


thermal sample disturbance. 


The final stage of samp!e mounting involved connection of 


the back pressure system, thermo-couples and external LVDT's 


etc. 
3.3.8 Quality of Undisturbed Samples 


Dry density or porosity are the properties generally used 
in geotechnical engineering to evaluate disturbance of soil or 
rock samp les for laboratory testing. Dusseault and Van 
Domeselaar (1982) have recommended that a disturbance index 


based on sample porosity and in situ porosity from borehole 


geophysical data, be used to evaluate the quality of oil snd 


samples. Disturbance index is defined as: 


Tle ee TOO (ei) 


Table 3.3 summarizes bulk densities, porosities and 


disturbance indices for all samples tested. Since borehole 


geophysical data was not available, an average in situ porosity 
value of 0.33 was used to determine values of the disturbance 


index for Saline Creek oi! sand. This is consistent with the 
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minimum porosity values reported for the Saline Creek Tunnel 


project. 


A value of 0.55 was used for in situ porosity of Cold 


Lake oi! sand (Mainland, 1983). 


Several observations related to sample disturbance may be 


made based on the data presented in Table 3.3: 


a) 


b) 


Cc) 


d) 


e) 


Samples are listed in chronological order in Table 
3.3; it is apparent that sample quality improved with 
experience. 

Disturbance of the first three samples for tests COSI, 
COS2 and COS3 resulted from exposure of these samples 
to gaseous carbon dioxide. A new mode of sample 
eee was identified. 

Smaller samples, i.e. for therma| expansion, 
compression and permeability testing in the 
consolidometer (test series COS and CPERM in Table 
3.1) are ners susceptible to disturbance during 
trimming than larger triaxial samples. 

Samples containing larger proportions of fine grained 
mineral solids, Pad silt and clay particles, are less 
susceptible to sample disturbance. Dusseault (1977) 
also observed this phenomenon. 

Saline Creek samples having porosities less than about 
0.37 or disturbance index values less than about 10 per 
cent are considered to be sufficiently high quality for 
geotechnical testing. Only samples with porosities 
less than 0.36 were used for comparison of strength and 


stress-strain behaviour. 
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TABLE 3.3 


SAMPLE DISTURBANCE 


Samp le Trimmed Bulk Disturbance 
No. Density (Mg/m ) Porosit Index, Ip (%) Comments 


Disturbed 
Disturbed 
Disturbed | 
4 
10.3 | 
10C 10.3 | 
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3.3.9 New Modes of Sample Disturbance 


Several causes of oil sand sample disturbance not 
previously identified were observed during this study in each 


of the following operational phases: 


a) during core sampling; 
b) during sample storage; 
c) during sample preparation; and 


d) during testing. 


The downhole end of a core sample cannot readily be cut to 
allow removal of the sample from the borehole. The downhole 
end of a sample must either be sheared by lateral displacement 
or rotation causing torsionel shear stresses. Frozen samples 
at shallow depth did not expand inside the core barrel, 
therefore, no diametral resistance was available to allow 
torsional shearing. Lateral displacement of the sample was 
possible efter removal of the core barrel from the hole. Minor 
disturbance of the lower end of the frozen samples resulted 
during lateral shearing and removal from the hole. It was 
necessary to discard the disturbed ends of the frozen samples. 
Unfrozen core cannot be sheared downhole without substantial 


disturbance (Dusseault and Sterne, 1980). 


During the initial stages of the laboratory research oil 
sand samples were double wrapped in plastic bags and chilled on 


dry ice Tor Ze nouEs iE. ato.ir imming on ‘the, lathe. It was 
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discovered that samples become more susceptible to expansion 
during trimming (even at very cold temperatures) with increased 
prechilling time. In fact, samples taken directly from storage 
at -20°C in the cold room were less susceptible to disturbance 
during sample preparation than samples prechilled on dry ice at 
-80°C. Continuous sublimation of the dry ice resulted in high 
concentration of carbon dioxide gas inside the insulated 
storage box. Also, it was known that gases permeate readily 
mheough thin plastle V bags. Furthermore, carbon dioxide is 
highly soluble in heavy oils (Burcik, 1957; Amyx, Bass & 
Whiting, 1960) and solubility increases as the temperature 
decreases. It was, therefore, concluded that carbon dioxide 
had diffused through the plastic bag wrappers and into the 
samp!e at very cold storage temperatures, i.e. -20 to -80°C. 
As the sample was warmed to -20°C during trimming exsolution 
and expansion of the dissolved carbon dioxide gas resulted in 
significant sample disturbance. Thereafter, samples were 
isolated inside a sealed metal container prior to chilling on 
dry ice. The metal container was fabricated from two unused 
paint cans welded together. The first three sampies (nos. 5, 
32 and 30) in Table 3.3 were grossly disturbed due To 
contamination with solution of carbon dioxide in the bitumen 


phase during storage. 


Carbide steel bits have been used by previous researchers 
for trimming oil sand samples on the belt-driven lathe in the 
cold room (eg. Dusseault, 1977; Sterne, 1981). Carbide steel 
tips on the bits were found to be susceptible to rapid abrasion 


by chilled oil sand. Typically, it was necessary to replace 


cits a Ae, Ov. A ay 


a ‘oa ‘ iy) 


eH AGO F | (hseanagh, Pte, | 
to paipenl: ‘Bt Mk Nak il hie, ef 
ofgies ety meat yr mner eyes | | 
bilih edad of dt ates, reo} pede vil td 
a eo) 7h ~” pal ager a hem, net Pal te 


- 


pet vt: pet Ley Rh ye oe. 1. ga 


Herdions at: ‘detest $b; SEO ee 
q' Thaw ation ay eeg Sent oven H 
rl ehh myeaiks soesranntsial gy a : bal 
rniee® ing Vee atoawet “ve vised. a c 
uth woes oath 5, voaompit qth leuko Die, ae nti 
ety pet eae ‘ yA, baby | mem, ators ta 913 6 pam 
Ro i he * ean ry om Praag t whe peer Ty) 
soe a) ena scan ete nee 
That ry ging alin a Ai, tie aes ee 
sith re, ea ab baaie, aoa 
pee, eetgme | ater \epseot cee: 


“as ater Bates wi hv “erlang dpe ony aap) pm, is 

it ap i malaga. rin: Sa 148. an age hatte ben iawy ees 20168) 
On: : ake AA ae it tied ihe pe alae P,, So NOS, ‘a 
tee ae Mi, ia wae COM i stam tale, wri witeniierhon 


a 


Lae z : 
eta Tes | ins eget, gene a e 
Pee ey. 4 io © ‘Lane ; ? 
Sai i wel. 
s g 7 a ren. 4 + ‘ ere * ' aon — “W 4) hy 
Maton Ay Mtl y O18 ag Nami Pree wae rit leary Bhai hw 
eM rapa wet, a) alae, pose rin Andean oh | or . 
ore S ie de 2 yy ‘iad ; SF pT huenAiaed aa, wen’? bia, al 
ae Te wind i v8 of tel nie etidian? te tah hy Se 
iol be ale a rece 
mT a Kee Pit Pa gitar aot ‘DR: iq. bell bae- ry as: 
. > be pa 4 o>, « 
, an f : Pe ‘ 
a i @ , i a 
1) 5 f 
“ 
, ) << y 
ya * ; a 


Page 106 


bits five or six times during the course of trimming a single 
triaxial core sample from 100 mm diameter to 75 mm. Frictional 
heating of the carbide bits occurred more rapidly as the bits 
became dull and the contact area between bit and sample 
increased. A diamond tipped bit was acquired. The diamond tip 
was sufficiently resistant to abrasion that sharpening was not 
required during trimming of 12 triaxial samples. Heat build-up 
on the continuously sharp point is minimal and _ sample 
preparation time was reduced to about 40 minutes, i.e. 
approximately 10 to 15 per cent of the sample preparation time 


required using carbide steel tipped bits. 


The larger triaxial samples (i.e. 150 mm tong) were 
generally easier to trim in the cold room than were the smaller 
25 mm to 50 mm long consolidometer samples. Final diameter of 
triaxial samples which are intended to fit in a flexibie 
membrane, is less critical than that of consolidometer samples. 
Great care must be taken to trim the diameter of consolidometer 
samples to fit precisely in the rigid stainless steel 
consolidometer ring. Thermal shrinkage of the stainless steel 
ring due to prechilling in the cold room must also be accounted 
for in sizing the final sample diameter. Any over-trimming of 
the consolidometer sample diameter will result in tateral 


expansion within the stainless steel ring when thawing is 


permitted. 


The strain gauge clamp device used for measuring lateral 
deformation of triaxial samples is a commonly used device in 


triaxial apparatus for compression testing of rocks. Accuracy 
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of the device depends on sufficient rigidity of the clamp. arm 
to ensure intimate contact with the sample prior to and during 
testing. The device by necessity, therefore transmits small 
localized compressive stresses at the "metal button" contact 
points on the outer diameter of the sample. Furthermore, the 
contact stresses cause small tensile stresses at right angles 
to the contact radius when the samp le is unconfined. The clamp 
device was found to cause preferential distortion of the oi| 
sand samples and premature yielding when shear stress was 
applied. This disturbance effect is significant for oil sand 
since it is a cohesionless material, whereas, many rock 
materials possess sufficient tensile strength to resist these 
localized, tensile, diametral stresses. Lateral strain 
measurements were not perceptibly distorted during isotropic 
compression. The impact of the disturbance effect on 
stress-strain behaviour and strength of oil sand is quantified 


in Chapter 4, subsection 4.4.3. 


The "B" test is commonly used in geotechnical testing to 
determine whether the triaxial apparatus and the pore space of 
a soil sample is completely saturated with liquid water prior 
to compression testing. When the compressibility of the 
mineral grain skeleton of a soil is substantially greater than 
the compressibility of the pore water, an increase in total 
isotropic confining stress will cause a nearly equal increase 
in pore pressure for conditions of complete saturation with 


water (Bishop and Henkel, 1962); effective stress therefore 


remains nearly constant and no compression of the soil skeleton 


rie wy asi a ye a: 
SO arts i { =A otal Bor ee un : v7 


wos eh si aed. Soon 
urna ae Re. eater ee tte leche 
6 hana asia sides ark pheortote ee 
raha nated, Ko teu we tw scien 
| re sicveaneinene: jainaek spay’ . 3 soto id 
va hg von Sw bg extgte jee Fai ue 
Aine hs at nippraingie: Ah gest eae a 
wi ie niet trate 1) tacdenoaneag pono 
ae”? wearin temte aati bethany) jee) at bai a 
ae Ne tik bivagd aking Kale Samay aa 
"ya ine oe 8 tat nom eas liiolaorad |< ony - on 
et aa wi ranstt trai atte eahatoe 
te ee a “tatbanel)o: > ietvaandS 
Loren ti pe ie bo rail sao tat ye oI 
si wird vale! AY ot we ting sgh 
St Ri deol 
4 iephet.a i: ences 


ae ol ie canes * Fe mi! JU ie ey | 
wn’! dae anita Minn vine. avr a baile 


- may, he: AE HR, oni vilpemtiier: 2! alenae eet 
gee | h hai phe oie can saad? iy Sect) sol eae oenee ‘et a 
serine Wi as io cr be nireinne stat eri 72 Aa 


i 


ae’ ne ‘inant ig (tata aha or Ne. ht bakeaiatnae apr as 
Age ee tac ‘| wads wiles 1ily serra” Ao Sigeritoet ep | 


pi te ne in Nites o* &) Gres . 2H) lp ia hs *; ¥~ ei +d nga Al 


owe Ae ha oe - pei . i ’ ® be, : ( ite f - i } “ sabi. % nd ‘ waeelg wa fae S \ ¥ 
‘ ‘ss * i f 7 = - L A ae : i Go 4 ) 
ae a 
‘ ' = ot i's 
ay a Seah ¢ : = 4 ; ft S 
: vf 
= i 4 : + 


Page 108 


results. For soils of low compressibility, Bishop (1966) and 
(1973), showed that effective stress does not. remain constant 
when total isotropic confining stress is changed under 
undrained conditions. Isotropic compressibility of oil sand is 
of the same order of magnitude (107° =to) «61077 Pant) 
as that of water. Therefore, the pore pressure response jis not 
equivalent to undrained stress change, even under saturated 
conditions for oil sand. It must be recognized that effective 
stresses increase and compression of an oil sand sample will 
result during undrained loading in a standard "B" test. 
Previous researchers in oil sand geotechnics at the University 
of Alberta have simply assumed that saturation was complete 
after applying back pressure for several hours. A procedure 
suggested by Wissa (1969) was adopted for the current research 
whereby effective stress is maintained constant. Details of 


the procedure are outlined in subsection 3.4. 


3.3.10 Preparation of Remoulded Samples 


Remoulded oil sand samples were tested to investigate 
microfabric changes and to study the implications of remoulded 


micro-structure on geotechnical behaviour. 


Remoulded oil rich consolidometer samples were prepared by 
thoroughly mixing oil sand at its natural moisture content 
inside the consolidometer ring at room temperature. The 
remoulded sample was then compacted inside the consol idometer 


ring using a modified Proctor hammer. The mass of the modified 
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Proctor hammer is 10 Ibs. (4.536 kg); the hammer was dropped 
from a height of 128 inches (457 mm), 50 times for each 25 mm 
(1 inch) thick layer. The level of compactive effort was more 
than twice that normally used for soils in the modified Proctor 


test procedure; every effort was made to recompact samples to 


undisturbed in situ density. Prior to testing samples were 
further compressed by "quick loading" in the consolidometer 
apparatus. 


Oil free sand samples were prepared in the consol idometer 
by means of dry vibratory compaction; maximum vibration level 
was applied for at least 5’ minutes. These samples were also 
compressed by quick loading in the consolidometer. 

Remoulded oil rich triaxial samples were prepared by 
compacting oil sand at its natural moisture content in a steel 
split ring container. Compaction was again imparted using 4 
modified Proctor compaction hammer in 25 mm (1 inch) lifts, and 
50 blows per lift. The compacted sample and split ring 
container were then placed in the cold room. After the sample 


was completely frozen the split ring was removed and the sample 


mounted in the triaxial cell for testing. 


lt was found that oil rich remoulded samples could not be 
recompacted to densities equivalent to: that of undisturbed 
samples. Recompacted dry densities ranged from 1.59 to 1.63 
Mg/m=> (i.e. porosity from 0.42 to 0.38), using the compaction 


method described above. 
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Dry oil free samples from which bitumen had been extracted, 
could be compacted consistently to dry densities of 1.69 to 
1.70 Mg/m? (i.e. porosity of 0.37 to 0.36) by vibratory 
compaction. Several oil free samples were compacted to much 
higher densities. by placing and vibrating the sand underwater. 
This technique is commonly used for preparing sand packs for 
permeability testing and in other geotechnical testing. Dry 
densities of approximately 1.80 Mg/m? Giz e. pornos ity )<of -0.32) 
were obtained using this technique, however, it was not 
convenient for preparing test samples since it would have been 
necessary to place the entire base of the test cell on the 


vibrating table. 


Saturation of Oil Sand Test Specimens With Water 


3.4.1 Rationale for Testing Under Conditions of Complete 
Saturation 


In situ extraction of heavy hydrocarbon resources from oij| 


sand by massive steam injection or combustion techniques has 
been proposed for deposits at depths exceeding about 250 m. 
Pore pressures are expected to be in the order of 2MPa or 
greater. Unsaturated captain would not be anticipated in 
situ except at high temperatures: approaching 200°C or more. At 


in situ, temperatures, i.e. typically 5° to 10°C, pore fluids in 


deep oil sand deposits are expected to be liquid with dissolved 


natural gases. 
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Despite careful laboratory procedures for saturating test 
cells and drainage lines by displacing air in the system with 
water, a small amount of air, i.e. up to about 10 ml which is 
less than one per cent of the total system fluid volume, was 
found to be present in the apparatus after mounting each 
sample. Henry's coefficient of volume solubility of air in 
Water. Is 90.026 (Crrediund, 1976), which implies thet 
approximately one atmosphere (100 kPa) back pressure is 
required to dissolve each 2.6 per cent of initial air 
saturation. Natural hydrocarbon gases dissolve more readily 
than air in both water and oil (Amyx, Bass and Whiting, 1960). 
The solution of gas in a Rene may involve both physical and 
chemical solution processes. Air which is composed of about 60 
per cent nitrogen does not undergo significant chemical 
solution in water or hydrocarbon liquids and is thus less 
soluble than most hydrocarbon gases (eg. carbon dioxide). {7 
should be noted that although the mass of gas in solution 
increases with pressure, the relationship is generally not 
linear as suggested by Henry's Law. A common procedure for 
increasing the rate of gas sorption in laboratory samples is by 


applying an elevated back pressure. 


For example, Dusseault (1977), applied back pressure of 200 
to 300 kPa for periods up to three days. Sterne (1981) applied 
a back pressure of 1050 kPa for approximately 1.5 hours. 
Previous laboratory researchers in oil sand geotechnics at the 
University of Alberta have not conducted "B" tests to evaluate 
the degree of saturation of samples prior to compression 


testing. 
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Entrapped gas bubbles (air, methane, hydrocarbon gases) in 
the system can_ significantly influence | volume change 
measurements during drained tests and pore pressure response in 
undrained tests because of the relatively high compressibility 
of gases. Despite the high pressure capability of the 
apparatus used in this research, it was deemed necessary to 
establish some quantitative evaluation of the degree of 


saturation achieved. 


34.2 Influence of Isotropic Compressibility on the B 
Parameter 


Bishop (1966, 1973) developed the following expression for 
pore pressure response of a saturated porous material to an 
undrained isotropic stress increment: 

aie aa 1+7(B See ‘a 

. WwW Ss Ss 

The compressibility of liquid water and oi! fluids in the 
pore space of Athabasca oi! sand are almost equal, i.e. Bw = 
ALS One KPon! Wandeto. = Wanin, cxuedOn 6s. Pant ss | at 
room temperature. Furthermore, the isotropic compressibility 
of Athabasca and Cold Lake oi! sands is of similar magnitude, 
i.e. By=¥) 10, On. bto melOny. (kPa Consequently, the 
value of the pore pressure parameter B given by equation 3.2, 
for saturated oi! sand at room temperature may range from about 
0.39 to 0.88. The common criterion used to test compressible 


soil samples for full saturation, i.e. a B value approaching 
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unity, is clearly not valid for low compressibility oil sand 


samp les. 


Black and Lee (1973) developed the following expression for 
calculating the initial degree of saturation of a sample based 


on the pore pressure parameter B: 
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| 


= absolute pore pressure 


In deniving equation 3.3, Black and Lee (1973) assumed that 
Henry's coefficient, H = 0, since very little time is allowed 
for gas exsolution during a "B" test. Values of initia! 
saturation calculated using equation 3.3 for seven triaxial 
samples are summarized in Table 3.4. Oil sand samples were 
seturated at back pressures of at least 2000 kPa for 20 hours 


or more throughout the laboratory investigation. 


3.4.3 Test Procedures for Evaluating Degree of Saturation. of 
Triaxtal Ot! Sand Samples 


Procedure 1: 
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TABLE 3.4 


Initial Saturation of Oi! Sand Samples 


SATURATION TEMPERATURE B STRESS RANGE INITIAL SATURATION 
PRESSURE (MPa) Si(%) 
(MPa) 


Typical Properties: 
1. At 20°C and 2000 kPa: 


1077 kPa! (ASME Steam Tables, 1979) 


= 4.5 x 
Bo = 4.1 x 1077 «Pam! (Robinson and Sims, 1981) 
Bs = 2.7 x 1078 xPam! (Clarke, 1960) 
B= 1.4 x 1076 +0 5.6 x 1077 kPa@! 


2. At 200°C and 10,000 kPa 


8.1 x 1077 kPa7! (ASME Steam Tables, 1979) 
8.0 x 1077 kPa~! (Robinson and-Sims, 1979) 
1.1 x 1078 to 5.4 x 1077 kPam! 


won ou 
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The commonly used procedure for evaluation degree. of 
saturation of triaxial soil samples and apparatus is summarized 
by Bishop and Henkel (1962). The procedure involves closing 
pore fluid drainage valves, then applying increments’ of 
isotropic confining stress (i.e. cell pressure) and measuring 
undrained pore pressure increase with each increment of 
confining stress. The ratio of pore pressure ae oes to 
confining stress increment (i.e. Thess Vertue) tor fully 
saturated, compressible soil samples approaches a value of 
unity. As noted previously, the value of the B parameter for 
oil sand samples of lower compressibility may be substantially 
less than unity (i.e. i the, range. or 70.39 to *.0.88). 
Nevertheless, degree of saturation may be evaluated using the 


approach of Black and Lee (1973). 


The main disadvantage of using the standard B-test 
procedure. iS the Kaet | inher efteciive. \Ccontiming’- siress 
increases, thereby precompressing the oil sand microfabric 
prior to preforming other strength or compression tests. For 
example, in test, TOS2, isotropic confining stress was 
increased from 6 to 26 MPa; concurrently the pore pressure 
increased trom 2 to 17.4 MPa. Eftective stress on the sample 
therefore increased from 4 MPa to 8.6 MPa which would typically 
result in volumetric compression of about 0.25 per cent of 
initial sample volume. While this level of precompression may 
be quite acceptable where samples are significantly disturbed 
during sampling, it must be recognized as a potential source of 


microfabric disturbance in high quality test specimens. 
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Procedure 2: 


Wissa (1969) described an alternate procedure for 
evaluating the B parameter and degree of saturation for soils 
of low compressibility. The method is Based on the fact that 
pore pressure response in fully saturated soils is independent 
of the magnitude of the back pressure, whereas pore pressure 
response varies with back pressure in unsaturated soils. The 


procedure adopted in this program was as follows: 


a) With pore pressure fluid drainage prevented, an 
increment of isotropic confining stress (usually 500 - 
750 kPa) was applied and the pore pressure response was 
measureg; 

bd) Pore fluid drainage valves were then opened and the 
back pressure increased to restore the initial 
effective stress level. 

c) Steps (a) ands) were then repeated at the new back 
pressure’ level. These incremental B-tests were 
conducted at about 12 different pressure levels to 
ensure that the pore pressure response was either 


constant or decreased slightly. 


Effective stress on the sample was never increased by more 
p 


than about 170 kPa using this procedure. 
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3-5 One Dimensional Thermal Expansion and Compression Testing 


aol Introduction 


A series of tests was performed in the high temperature 
consolidometer to investigate thermal volumetric expansion and 
compression behaviour of oi! sand. A total of nine (9) tests 
were conducted including: five undrained thermal expansion 
tests at various back pressures, two gas exsolution tests and 
two drained thermal expansion tests. Thermal expansion tests 


are summarized in Table B-1, Appendix B. 


Details of each thermal expansion test are summarized in 
Appendix 8. The test procedure and plots of temperature 
history, dack pressure history and sample height versus time 
are included in Appendix B for each test. Also; plots cof 


volume expansion with temperature are included in Appendix B. 


Table 3.5 is a summary of sample data for the thermal 
expansion test series. A number of problems were encountered 
during the first three tests, designated COS1, COS2 and COS3. 
Samples used in each of these tests were grossly disturbed due 
to infusion of - carbon dioxide gas during the sample 
preparation, as described in “subsectiop 563.9. initial 
porosities ranged from 0.42 to 0.51 for these three samples, 
resulting in significant alteration of the proportions of water 
and bitumen in the pore space. Water saturation increased by 
as much as 45 percent after back saturation. Undrained thermal 
expansion behaviour is primarily dependent upon the porosity 


and pore fluid properties, therefore these test results cannot 
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be considered representative of confined in situ conditions. 


Heat was applied in 25°C to 50°C temperature increments 
during tests COS1 and COS2. Large volume expansion associated 
with gas exsolution and/or phase change of pore fluids was 
observed during the tests in the temperature range 150°C to 
200°C. Although the back pressure was maintained at 2000 to 
2500 kPa and vertical confining stress was maintained slightly 
higher, the rate of heating was too fast. Local overheating 
adjacent to cartridge heaters in the consolidometer ce!! wall 
probably resulted in substantial temperature gradients within 
the sample. Subsequent thermal expansion tests at nomine! 
effective confining stress were performed by heating very 
slowly, iee. less than about 5°C per half hour. Test COS2 was 
terminated prematurely due to a system leak. Test COS3 was 
terminated at 240°C due to a power shut down. Tests COS4 to 
COS9 were heated to 300°C using sufficiently high quality oi! 
sand samples to provide experimental results representative of 


in situ condittiens. 


Sele Gas Exsolution Tests 


Saline Creek oil sand Haee been substantially degassed 
during geologic unloading however, solution gases are present. 
Srajer and Barron (1978) detected measurable quantities- of 
carbon dioxide, hydrogen sulphide and carbon monoxide gases 


during construction of the Saline Creek Tunnel. No methane was 


observed. 
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A small amount of dissolved air was introduced into the 


pore fluid phase during saturation of samples in the 
laboratory. 
Gas exsolution tests were performed by increasing 


temperature very slowly under constant nominal | effective 
confining stress and at a constant pore pressure. Volumetric 
expansion was monitored as the temperature was increased. 
Incidence of gas exsolution was identified by the rate of 
volumetric expansion. Rapid non-monotonic volumetric expansion 
associated with gas exsolution was reversed by decreasing the 
temperature slightly (i.e. "°C or 2°C). until the loading 
piston re-established contact with the sample. An equilibrium 
pressure-temperature-volume change "critical point" was thus 
defined. The pore pressure and confining stress were then 


increased. Heating was then resumed up to a new gas exsolution 


temperature. 
Pee Ie) Undrained Thermal Expansion Tests 


Undrained thermal expansion behaviour of oil sand at 
Various pore pressures above gas exsolution pressure was 
investigated in tests COS4, COsS, COSG f and) 1COS9.. Vertical 
confining stress was maintained just slightly higher (i.e. 
approximately 50 kPa) than pore pressure to ensure contact -was 
maintained between the loading piston and _ sample. Pore 
pressure was maintained constant by allowing thermal expansion 
under nominal effective confining stress. Undrained thermal 


expansion behaviour was investigated over the temperature range 
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22°C to 300°C and for back pressure ranging from 500 kPa to 
15000 kPa. 


In test COS5, pore pressure response to undrained heating 
was also investigated by subjecting the sample to an effective 
vertical confining stress of 6000 kPa, then heating undrained 
and monitoring pore pressure increase and volumetric expansion 
until pore pressure was nearly equal to confining stress. The 
pore pressure response to undrained heating was monitored in 
this manner over the temperature range 24°C to 50°C and from 
EOP ra rom idee Undrained thermal expansion under nominal 
effective confining stress was monitored over the remainder of 


the temperature range from 50°C to 150°C and 176°C to 300°C. 
3.5.4  Drained Thermal Expansion Tests 


Drained thermal expansion behaviour of oil sand _ was 
investigated in tests COS6 and COS7. Test COS6 was conducted 
under constant vertical effective confining stress of 6 MPa. 
Test COS7 was carried out at nominal vertical effective 
confining stress. Temperature was increased slowly in both 
tests to ensure that constant uniform pore pressure was 
maintained throughout the samples. One dimensional drained 
volumetric expansion of the sand matrix was measured by the 
vertical LVDT as heating proceeded up to 300°C; the volume of 
pore fluid expelled from the samples during drained heating at 


constant pore pressure was also measured using the volume 


change device. 
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Plots of temperature and pressure history as well as sample 
height versus time are presented in Appendix C, for tests C0S6 
and COS7. Plots of undrained thermal expansion, volume of 
fluid expelled and the combined thermal expansion of the fluid 
plus sand matrix with temperature are also presented in 


Appendix B. 
3-5-5 One Dimensional Drained Compression Tests 


Drained compression tests were per formed in the 
consolidometer on samples used for both thermal expansion and 
permeability testing. After heating to the test temperature, 
three cycles of compression and unloading were typicaliy 
applied in each test at temperatures ranging from 20°C to 
300°C, and for effective vertical stresses ranging from 2 MPa 


to as high as 26 MPa. 


A summary of one dimensional drained compression tests is 
presented in Table C-1, Appendix C. Stress-volumetric strain 
plots for the cyclic compression tests are also presented in 
Appendix C. The coefficient of one dimensional volume 
compressibility m,, is defined as the slope of the tangent to 


the stress-volumetric strain curves. 


3.6 Permeability Testing 
3.6.1 Permeability Testing Program 


A series of permeability tests on oil sand was performed in 


the consolidometer test cell. The testing program was designed 
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to evaluate permeability properties of both remoulded and 
undisturbed oi! sand samples over a range of temperatures from 
20°C to 250°C, a range of bitumen (i.e. oi |) saturations from 0 
to 88 per cent, and at several different effective confining 
stress levels. Permeability tests are summarized in Table D-1, 


Appendix D. 


Permeability tests essentially involved a water flooding 
process. Water was circulated through the sample _ by 
maintaining a pressure differential between upstream and 
downstream constant pressure air-actuated pumps. Flow rate was 


controlled by means of a flow metering valve. 


The bitumen in Saline Creek oil sand was found to be 
immobile at room temperature (i.e. 20°C to 24°C) and smal! 
differential pressures (up to 50 kPa). At elevated test 
temperatures of 100°C, 150°C, 200°C and 250°C, bitumen was 
displaced from the sample as heated water was circulated. 
Huygen and Lowry (1983) also observed that Wabascaw bitumen, 
which has similar properties to Athabasca bitumen, begins to 
flow under gravitational stresses at tempertures in the range 


93°C to 121°C, in scaled model experiments. 


Elevated back pressures were maintained during all 
permeability tests to ensure that air and other gases in the 
system, remained in solution in the liquid water and oi! 
phases; single phase flow properties for water permeability 
were measured in room temperature tests and on tests in 


oil-free sand, while two phase flow properties for oi! and 
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water permeabilities were measured in elevated temperature 


tests on oil bearing oi! sand samples. 


Technical problems encountered during testing involved 
inaccurate measurement of differential pore pressure across the 
sample, maintenance of constant pressure gradient and 


maintenance of constant temperatures throughout the system. 


Initial tests, CPERM1 and CPERM2, were performed using a 
pair of 34 MPa pressure transducers, one upstream and a second 
downstream of the sample. Low pressure differences (in the 
order of 0.5 to 5 kPa) across the samp!e could not be measured 
accurately because of the inherent low range inaccuracy of 
strain gauge transducers (i.e. errors of approximately + 1 per 
cent or more of the rate capacity are common). This technical 
difficulty was overcome by installing a pair of differentia! 
pressure transducers with interchangeable diaphrams of 7 to 450 


kPa rated capacity, to measure differential pressure across the 


sample. 


Tests CPERM! to CPERM6 were performed with insulated 
drainage lines, however, no heat tracing was installed. In 
order to heat the system, ae Sram et heated water was initially 
circulated rapidly through the lines, by-passing the sample. 
When uniform temperatures were monitored throughout the system, 
flow rates were reduced and the test started by placing the 
sample on-line. It was found, however, that stable system 


temperatures could only be maintained by using flow rates 
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greater than about 5 ml per minute. This was not a severe 
limitation, however, the installation of heat tracing greatly 
improved the flexibility and ease of testing in subsequent 


experiments. 


Pump pressures declined by up to about 3 per cent of 
ambient pressure each time the pump diaphrams weirowact vated 
without an accumulator on line. These fluctuations were damped 
out to some degree by compressible fluids in the system, 
nevertheless, small fluctuations in pressure drop across the 
sample did result. The small deviations in pressure drop were 
accounted for by taking frequent electronic readings and using 
statistical techniques to determine the average pressure 
difference during a number of larger segments of the total test 
duration. Installation of pressure accumulators improved the 
pressure control. Installation of dead weight constant 
pressure “generators is recommended for future testing to 


further reduce this technical difficulty. 


The testing program was designed to measure effective 
permeabilities of oil sand samples to water and oil. The 
general test procedure used was as follows: (i) measurement of 
room temperature effective permeability to water; (ii) drained 
heating of the sample and system to an elevated test 
temperature; (iii) measurement of fluid mobility and effective 
permeability as heated water was circulated through the sample; 
(iv) cooldown of the sample and system to room temperature and 
(v) remeasurement of room temperature effective permeability to 


water at a residual bitumen saturation. 
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Data describing permeability test samples are summarized in 

Table 3.6. Procedural details and test results for nine 
permeability rests are presented in Appendix D. 


3.6.2 Permeabilty Tests on Oil Free Sand 


Two permeability tests were performed on oil free oi! sand 


samples. Test CPERM3 was performed on a remoulded and 
recompacted oil free sample of McMurray Formation oi! sand 
taken from an outcrop on the High Hill River 40 km east of Fort 


McMurray. The recompacted dry density of the sample was 1.67 
Mg/m> (i.e. initial porosity of 0.37). Effective 
permeability to water (or hydraulic conductivity) was measured 
only at room temperature for this sample. Laminar flow was 
observed for flow rates up to approximately 10 ml per minute 
(i.e. approximately 7.5 pore volumes per hour), and_ for 
effective''vertical confining stresses of 2 MPa, 3 MPa and 4MPa 
as shown in- Figure | D-5. Room temperature effective 
permeability to water was in the range 3 x 107!2 m2 (ie. 
3000 millidarcys) for this sample. This is equivalent to 
hydraulic conductivity of -3 x 1072 cm/s which is typical 
for fine to medium clean sand; this provided some confidence in 
Our pressure measuring capabilities since larger pressure drops 


were anticipated for oil rich samples. 


Test CPERM7 was a permeability test on undisturbed oil free 
sand. An oil rich, undisturbed sample was prepared and mounted 


in the consolidometer ring by the standard procedures outlined 
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in subsection 3.3.6. The sample was permitted to thaw under 
sufficient confining stress in the consolidometer to prevent 
volume expansion (i.e. 2 MPa). The consolidometer test cell 
was then flooded with liquid benzene to solvent extract bitumen 
from. the sample. A cyclic procedure of alternate soaking and 
flushing was repeated numerous times over a ten day period 
until it was determined that all bitumen had been removed from 
the sample. The total volume of liquid benzene required to 
extract all of the bitumen from the sample by this procedure 
was 3600 ml or about 45 equivalent pore volumes. Confining 
stress and sample height (Ci-e. volume) were monitored 
throughout this process to ensure that the mineral grain 
structure remained undisturbed. After the extraction was 
completed the sample pore space was flushed with 200 ml of 
acetone, air dried, then back-saturated with water for 24 
hours. Effective permeability to water was then measured at 
various flow rates and at several effective vertical confining 
siresses . ranging from Ze MPa. sto) 18. Meas The sample and 
apparatus were heated under drained conditions to 150°C; the 
sample was then cooled due to a system leak and reheated To 
150°C. Drained thermal expansion versus temperature is shown 
in Figure D15. Volume of fluid expelled during heating is 
plotted in Figure D16. Effective permeability to water av 
150°C was again measured at constant stresses ranging from 2 
MPa to 18 MPa. Flow velocity versus pressure gradient is 
plotted in Figure D17 for both room temperature and 150°C 
tests. Volumetric compression over the stress range 2 - 18 MPa 
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apparatus were cooled back down to room temperature and 


permeability measurements repeated. 


Test CPERM7 was conducted with the objective of measuring 
the absolute (intrinsic) permeability of undisturbed oi! sand 
and to determine the influence of heating and stress variations 


on absolute permeability. 
3.6.3 Permeability Tests on Oil Rich Samples 


A single test, CPERM9, was conducted on remoulded oii rich 
oil sand. The sample was remoulded and recompacted to an 
initial bulk density of 2.019 Mg/m> and an initial porosity 
of 0.583. Room temperature effective permeadility to water was 
measured with an effective vertical confining stress of 3 MPa. 
The sample was subsequently heated to 150°C and heated water 
was circul'ated through the sample; fluid mobility and effective 
permeability were measured as bitumen saturation decreased from 
80 per cent to a residual value of 52 per cent. The sample was 
subsequently recooled to room temperature (20°C) and _ the 
effective permeability to water remeasured at 52 per cent oil 


saturation. 


Six permeability tests: |CPERM1, CPERM2, CPERM4, CPERM5, 
CPERM6. and CPERM8 were performed on high quality undisturbed 
oi! rich oi! sand samples. As discussed in subsection 3.6.1, 
test data from tests CPERM1 and CPERM2 could not’ be interpreted 


because of inaccuracy of the pressure measuring system and 
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concomitant pump pressure fluctuations which were not fully 
transmitted to the sample. Figure Dl and D3 indicate that 
continuous uniform flow was passing through the sample, 
controlled by the flow metering valve. However, figures D2 and 
D4 are records of the measured pressures. Phe tiseecl ean that 
pressure differences could not be determined. A pair? cot 
differential pressure transducers of suitable sensitivity (i.e. 
QO to 140 kPa pressure range) and accuracy were subsequently 


installed to measure pressure drop across the sample. 


Initial bitumen saturations ranged from 81 to 88 per cent 
for all undisturbed oil rich samples. Room temperature 
effective water permeability was measured for all samples both 
at the initial bitumen saturation and after flushing some 
bitumen from samples at elevated temperatures. Elevated 
temperature tests were performed at 100°C, 150°C, 200°C and 
250°C. Fluid mobility for combined flow of water and bitumen 
was monitored during Gach test as bitumen was displaced from 
the sample. End point oil saturations were measured by toluene 
extraction in a soxhiet extraction apparatus. Effective 
permeabilities were thus determined at various oi! saturations 
and temperatures. Fluid saturations were measured separately 
for various sections of each eraeaoaii sample after testing 
at elevated temperature to determine whether preferred flow was 
occurring adjacent to the consolidometer ring. Summaries. of 
water and bitumen saturations for each sample are presented in 
Appendix D. Although slightly more bitumen was generally 
displaced from the upper portion of the sample, no preferred 


flow paths were detected through the cross-section of the 


sample. 
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Flow Fares through oil rich samples were generally 
maintained at approximately seven pore volumes per hour, or 
less. Plots of flow velocity versus pressure gradient in 
Appendix D indicate that Darcy's Law is valid for all room 
temperature tests, i.e. velocity versus pressure gradient 
yields as linear plot indicating Newtonian fluid flow. behaviour 
for water flow only. However, bitumen apparently does not 
behave as a Newtonain fluid. Plots of fluid mobility (i.e. the 
ratio of absolute permeability to dynamic viscosity) versus 
flow volume at elevated temperatures are presented in Appendix 
D for tests CPERM4, CPERM5, CPERM6, CPERM8 and CPERM9. Values 
of fluid mobility corresponding to end point oil saturations 
and temperatures in these tests, were predicted using published 
dynamic viscosity values for Athabasca bitumen. In all cases, 
predicted values of fluid mobility are greater than the 
experimental values, particularly at the start of flow. The 
non-Newtonian fluid behaviour of heavy oils and bitumens in 
porous media is a venice: active research in both Petroleum 
and Chemical Engineering. The pattern of bitumen flow is often 
described as "viscous fingering" during immiscible disp!acement 
by water. Absolute permeability may also be lower than 
experimentally determined because of the presence of fines 


(i.e. clay and silt particles) in oil rich samples which are 


removed along with bitumen in solvent extraction processes. 


Triaxial Testing 
Delwt The Triaxial Testing Program 


Triaxial compression tests were performed to measure 
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stress-strain behaviour and strength properties of oil sand 
over a range of temperatures from 20°C to 200°C and effective 
confining stresses to 8 MPa. Six triaxial stress paths were 


° 


investigated typical of a range of anticipated in situ loading 


conditions. Stress paths investigated are shown in Figure 
3.10. Triaxial tests were performed on both undisturbed and 
remoulded oil sand samples. A total of nineteen triaxial tests 
were conducted. In addition, a single unconfined compression 
test was performed on Saline Creek oil sand_ following 
unsaturated heating at 150°C. Sample and test data for the 
triaxial tests are summarized in Table 3.7. A summary of the 
types of triaxial tests performed is presented in Table E-1, 
Appendix E. Procedural details and test results for each of 


the nineteen triaxial tests and the unconfined test are 


presented in Appendix E. 


Four of. the nineteen triaxial tests were not successful due 
elther.to failure of;cubber O-ring pressure seals*’on due to 
degradation and leakage of silicone rubber-jacket membranes at 
elevated temperatures. Rubber O-ring seals and membranes are 
most often the "weak links" in pressurized geotechnical testing 
systems. Elevated temperature further reduced the durability 
of these materials in the presence of both oi! and water. As 
discussed in subsection 3.1.8, extended exposure of silicone 
rubber to silicone oil cell fluid at temperatures exceeding 
200°C resulted in swelling, softening and ultimately 


depolymerization of the silicone rubber. 
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Triaxial tests consequently were not performed successfully 


above 200°C. 
S51 574 Drained Triaxial Tests 


Consolidated drained triaxial tests were performed to 
investigate strength and stress-strain behaviour at 
temperatures of 20°C, 125°C and 200°C, and following several 
stress paths. Stress paths A,B,C, and D shown in Figure 3.10 


were investigated by drained compression testing. 


Frozen oil sand samples were mounted in the triaxial cell, 
then thawed, back-saturated and consolidated, all under a 
constant isotropic effective confining stress (i.e. usually 4 
MPa “or msoccasiiionalily 128° MPa B-tests were performed as 
described whitiseciion O74 stor Fhests, wWrOS? 7770823 4°70S5,, e10S4y 
TOS8, TOS!9 and TOS11 to evaluate the degree of. saturation 
attained in oil sand samples. In test TOS1 and TOS8 internal 
strain gauge deformation measurements permitted determination 
of undrained volume change and compressibility from B-tests. 
The sample and test cell were heated at very slow rates, 
typically less than 0.5°C per minute, to the test temperature 
under fully drained conditions, j.e. maintaining constant back 


pressure. 


Drained isotropic compressibility, i-e. following stress 
path A, was determined in tests TOS1, TOS8, TOS12 and TOS19 for 


high quality undisturbed Saline Creek oil sand samples, and in 
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test TOS15 for a Cold Lake oi! sand sample. Drained isotropic 
compressibility for a moderatley disturbed Cold Lake oi! sand 
sample was also measured at 200°C in Test TOS 15. Three or 
four cycles of compression and unloading were applied over a 
range of effective confining stress from 4 MPa to 25 MPa during 


each of the isotropic compression tests. 


Stress path B approximates a J1 constant stress path (i.e. 
Jl is the first stress invariant). Stress path B is applicable 
to stress changes in material adjacent to a shaft or deep 
tunnel during excavation. Stress path B was applied in Test 


TOS3,. 1056, and 10S18 af temperatures of 20-G, 125°C and 200°C, 


respectively. 


Stress path C is a passive compression stress path; 
Veriucaim CrreCn Ver ESimess, .O4N. Wao, incheased (With Sine 
effective confining stress, o3', maintained constant at 4 
MPa. Back pressure is maintained constant as shear stresses 
are applied in drained testing. Stress path C was investigated 
in tests 10S, LOSZ2,- (057, 20St2 nd 1Osiortor Sal ine Creek ol 
sand at temperature from, 20eG MomZ00°C.  “Stress= pain C, i.e. 
passive triaxial compression at 4 MPa effective confining 


stress, was also followed for a Cold Lake oi! sand sample in 


Test TOS15 at a temperture of 200°C. 


Stress path D is a passive compression stress path, but 


with effective triaxial confining stress, o3', maintained 


constant at 8 MPa during vertical loading. Stress path D was 
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investigated in tests TOS4, TOS5 and TOS17 at temperatures of 
20°C and 200°C for Saline Creek of! sand. 


37.3 Drained Multistage Compression of Remoulded Oi! Sand 


A multistage loading test, test TOS14, was performed on a 
remoulded sample of Saline Creek oi! sand in order to determine 
remoulded strength at several effective confining stress levels 
from a single test. A sample of oi! sand was remoulded and 
recompacted to as high a density as possible using a Modified 
Proctor compaction hammer. The compacted sample was then 
frozen and mounted in the Piacal cell in the standard manner, 
and subsequently thawed, back saturated and consolidated under 
2 MPa effective confining stress. The sample was then 
subjected to passive compression by increasing the vertical 
stress, o,', while maintaining the effective triaxial 
contining stress C2) constant at 2 MPa. As the deviator 
siress, 01 = 037, (reached! ayipeak Value, (the, effective 
confining stress, oz', was increased to 4 MPa. Passive 
compression was continued until a second peak deviator stress 
level was reached, then the effective confining stress was 
again increased to 8 MPa. Passive compression was continued 


and a third peak deviator stress defined by shearing the 


samp le. Back pressure was maintained constant at 2 MPa 
throughout the three stages of passive compression. ~ The 
temperatures of both the sample and the test cell were 


maintained constant at 20°C (i.e. room temperature) throughout 


the test. 
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3.7.4 Undrained Heating with Isotropic Effective Confining 
Stress Maintained Constant 


The compressibility of the pore fluids in oi! sand is an 
important parameter in numerical analyses of fluid flow. 
Compressibility of water, bitumen and gases is known to vary 
with temperature and pressure. A limited amount of published 
data exists for compressibility of solvent extracted Athabasca 
bitumen (i.e. Robinson and Sim, 1981); also extensive steam 


table data exists for pure distilled water (eg. ASME, 1977). 


A test was designed to measure compressibility of the pore 
fluids in a high quality undisturbed triaxial specimen of 
Saline Creek oi! sand. Test TOS10 was conducted as follows: a 
trimmed, frozen oil sand specimen was mounted in the triaxial 
cell, then thawed, back-saturated and consolidated under a 
COnsTant isonpopre Veirecrive contiming “stress. of 4° MPs. 
Drainage valves were then closed and the sample was heated very 
SIOWLY Clee.” (Gi. <a heating rate of approximately 6°C per hour); 
the isotropic confining stress was increased concurrent with 
pore pressure build-up in order to maintain the effective 
confining stress on the samp le nearly constant. By maintaining 
effective confining stress constant, no volume change or pore 
pressure changes result from compression of the mineral grain 
matrix. Pore pressure increase and volumetric strains result 
only from thermal expansion and pore pressure compression of 


the pore fluids (bitumen and water) and the individual mineral 


grains. Pore pressure and vertical axial deformation were 
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monitored as undrained heating proceeded. Lateral deformation 
of the sample was not measured during heating, since it was 
discovered that the lateral strain gauge clamp device imparted 
point stress concentrations to the sample. Future researchers 
may be able to overcome this problem by using temperature 
resistant LVDT's mounted inside the triaxial cell to measure 
lateral deformation or dilatometers to measure undrained volume 


expansion of the sample. 


The condition of constant effective confining stress 
results in a very rapid build-up of pore pressure during 
heating (i.e. as much as 1 MPa per °C). The pressure limits of 
the triaxial cell and back pressure system were therefore 
reached with a temperature increase of between 25°C and 30°C, 
depending on the initial pore pressure. The undrained heating 
experiment was therefore conducted in eight heating cycles with 
temperature increments of between 20°C to 30°C. At the end of 
each heating cycle, the back pressure drainage valves were 
opened, and the confining stress and back pressure were 
decreased simultaneously in order to maintain a_ constant 
isotropic effective confining stress of 4 MPa on the sample. 
Volume change was measured at the end of each heating cycle by 
placing the externa! volume change device on line with the 


sample when pressures were being decreased. 


After cyclic undrained heating to 200°C, the sample was 
subjected to undrained triaxial compression following stress 


path — shown in-‘Rigqure’ 3.10. Starting with an effective 


3 a 


‘Ve hae Kt wet m ; 


ion Vea 


i { L ; a ' $ Vieng - ; 

cd ‘ae? * a eo : we eas 
p ek “tf : re : ah 3 ; 

q + = L no 


“iwi - want yea pri 
Se yal’ ahr ele eel aedlis 
satan arr ‘¥ al goer eat at : 
whervagat, gies 1d. pr denay aia woes 


a a 4 eae ant wo fiat of 
, fe i ; , * iS ee i 
; satu lioe wat bie his "oak saute: 
P : As he y le 
a) PO oaeren 
on ; oy Pe © = tLe 7 


. | recy taro f na da eel ee: 
ee pinnae: avi vanite : “hatencs ta. dering 2 
yi vu cng io ane i sigalg biger yews wie 
b ptieite enwepeT lt ig ane emt ae fy ah pete 
Cee eee 
- tot peri tysieitid: ‘e. oa ae outs venir rn ee 
oe aaseatrend, ae “Teseenins 309, Lae ORARG. sy | 
whi. ae ng pres nya Aas L rw, a 


ay | gaya oat at 4 ea Ay 
mes san ‘engts ‘ee on 
| Msefnct ie ‘4 sae NG cles he 


ee ne i rf . aol nha | ui at | ; 7 
Be re Ss gh, eon per 1 
ie Nae pay on mens aw alta VIes 1g Kenw ae , ” 


: eae, eideod i ‘ 


atihethn ; it —— ‘i #3 +; bet . a 1 sal Ei . 


Page 140 


confining stress of 4 MPa, the back pressure drainage valve was 
closed and the vertical stress increased to a peak value 
corresponding with shear failure. Pore pressure response was 


also monitored during shearing. 


3215 Anisotropic Consolidation and Undrained Heating to 
Failure 


Stress path F shown in Figure 3.10 was followed in test 
TOS11. A high quality undisturbed sample of Saline Creek oi! 
sand was mounted in the triaxial cell, thawed, back saturated, 
and consolidated under an isotropic effective confining stress 
of 4 MPa. The vertical effective stress, 9,', was then 
increased to 6 MPa and the sample was allowed to consolidate 
under a horizontal to vertical effective stress ratio, Ko» of 
O67 < Drainage valves were then closed to prevent further 
drainage of pore fluid from the sample. The apparatus and 
sample pore then heated. very slowly, i.e. at approximately 6°C 
per hour. Total horizontal and vertical applied stresses were 
maintained constant during undrained heating; pore pressure and 
vertical deformation were monitored. Shear failure occurred as 
the sample temperature reached 100°C (i.e. heated from 20°C to 
100°C) and the effective confining stress, @3', approached 
zero. Note that the deviator stress 0 ;'- 93',was 
maintained constant at 2 MPa throughout the test. Stress path 
F is considered to be illustrative of the mechanism by which 
shear deformations may extend in situ during steam injection 


and/or rapid heating. 
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3.7.6 Thermal Expansion Results for Triaxial Samples 


No triaxial tests were performed with the specific 
intention of measuring thermal expansion behaviour of oi! sand. 
However, thermal expansion measurements are reported in 


Appendix E for elevated temperature tests. 


Volume change and vertical deformations were monitored 
during heating primarily as a means of controlling the rate of 
heating. Volumetric expansion reported for elevated 
temperature tests represents the volume of pore fluid expelled 
from the samples during heating, and not the total volumetric 
expansion of the sample. Lateral (horizontal) deformation of 
triaxial samples was not measured during heating because the 
lateral strain gauge clamp device was found to preferentially 
apply point loads at the outer perimeter of the sample during 
triaxial «ompression tests. It should be noted that the 
lateral strain gauge device performed very satisfactorily 
during compliance testing on a cylindrical aluminium block. 
However, lateral deformation measurements in tests TOS1 and 
TOS8 were found not to be reliable because of point loadings by 
the relatively stiff strain gauge clamp on the more deformable, 
cohesionless oil sand. Vertical (axial) deformation was 
monitored, however, drained volumetric thermal expansion of 
triaxial samples during heating could not be determined without 
some independent measurement of lateral deformation (e.g. 


dilatometer). 
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transducers (LVDT's) are currently available for temperatures 
up to 600°C. Dilatometer devices or LVDT's may be useful for 
measuring lateral deformations in future triaxial testing with 
this system without the problems inherent in a strain gauge 


clamp device. 


Index Testing 
SiGiel Bitumen and Water Contents 


Quantities of bitumen and water occupying the pore space in 
oi! sand samples were determined using soxhlet refluxing. The 


laboratory procedure may be summarized as follows: 


(a? AD. “intact, chunk Joh wonl “sand ~having. a, “mass of 
approximately 200 - 400 g was placed in a cylindrical 
filter bag (or "thimble"). The mass of the sample was 
determined. 

(b) The filter bag and sample were then placed inside the 
soxhlet extraction apparatus which consists of a closed 
system of glass chambers over a retort of solvent. 
Toluene was used as the solvent. 

(c) The toluene was heated causing it to vapourize. Water 
in the sample also vapourized as the system was heated 
above 100°C. Toluene and water vapours were trapped in 
an upper cooling chamber which was cooled. by 
continuously circulating tap water through an internal 
coil of glass tubing. Condensed toluene and water 


would then drip down into an accessory tube graduated 
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to measure the volume of water expelled from. the 
sample. Toluene collected in the accessory tube was 
displaced by water (i.e. toluene has a lower density 
than water) through an overflow tube back into the main 
chamber containing the oil sand sample. As the main 
chamber filled with overflow toluene, the sample was 
soaked with toluene and bitumen was eeu When 
the liquid level in the main chamber reached a 
particular level, all of the toluene, dissolved bitumen 
and free water were drained back into the retort 
through an inverted U-tube siphon. Toluene and water 
were then reheated, vapourized and condensed, and the 
entire process repeated. 

The main chamber containing the oil sand sample was 
allowed to refill and drain repeatedly until the 
toluene was clear, indicating that all the bitumen had 
been extracted from sample. Some water would generaliy 
still remain in the system (i.e. either in the sample, 
in the retort or on the condenser) at this point in 
time,” so (thesahearing Sande-scondenis img, process » was 
continued at least until. the water. level. in the 
accessory tube had stabilized. Bitumen extraction was 
normally completed in about 6 - 8 hours, however the 
toluene was always circulated for a full 24 hours to 
ensure complete recovery of all of the pore water. 

The extracted oil sand sample and filter bag were 
removed from the apparatus and oven dried at 110°C to 
remove any residual toluene from the mineral grains and 


filter paper. 


‘ae é i 


oth 
¢* i gan 
ain. iar 


* wity 


a. Baaeon 


phar BaP 


od, 


onan 


: ahdu lee l b 


4 4 a =A 


Sri, 


seit al ac vate “tes ik 
io se at Weta er 87 nr ay seu 


Vai whaet eae 
ol yt wee, does) gouh we ie 


a) eo Bossa ate hak 


gn, Di Gwe wrt, 


Ase 


S15 ae 


mee ste ula 
) sans av 

erie bie beam ai ptnt ae 2 ‘lei 
toot: Surlae tide Soitabai 
 ehie bea, eer z Pepercinssrie} 


te 


ee 
we , 7 
aA ; : ? 


gt bit: Gallen “a we SE 2 dee 


“Pa: ee ee 


itt, 


4 


* Pa 


Pirere es, 
te ee 


(1a) aay gesssaineah ire 
De viborpoys: wlene: Ris : ; it aie 
yen meget mat 9B) tag! west tie fueedurt 

tag la een den?) est mee nyt | 
“nod it ee aityinaeay 
i sep ei Son 4 Wd lapertee wee “y 


aaa’ 
(aie aH wt 


a 


7” baad mncoaatin ee ee ee 
Tote, aot vite teed! ite “Wout tae 


‘ent : 
r 


ae. 


sat 
+ : ast resend (4 thos jeer ved ere ena. | 
weed sek eae raced 2, ‘abet gras vefianiride 


fi, i ‘sei! Mt Aut sy hot: Sere ly b> WysHle bee afecher 


re | Tee. — wait? ‘td H@' ey aieepesy ats? Wire, idee 


7ioa, PAD 


iat, Sea 


Da ar 


2 


“% 


or | 


co | 


0h 


att bet (ot som, ohet ify Ws ible ofl 
ths pt sire See: got eB nen 
1895 gen on bail sey EY re vg bad PEE 


sn Meee | drone 


seri’ 


ah 


Bop 
ie2 a 
4 * ’ 
' 
eo Ts 
cy | 7 4 
wy : 
ee se Be Ak 
, t x, 
ne 7 
XL Pies ‘ < ; 
| 
ca Tae 
ie 7 * 
hd ; 
a 
7) 
1 
=F j 
a 
: pay 
<a A: 
A eer 
F ns So _ 
’ : ‘ 
ee af 
ay 
z 
. 


Page 144 


(f) The mass of the mineral solids was then determined by 
weighing the extracted sample and filter bag. 
(g) The bitumen content was determined knowing the mass of 


solids and volume (or mass) of water. 


Several special procedural considerations are worthy of 
note for future researchers. Gornect determination of bitumen 
and water contents by soxhlet refluxing is very sensitive to 
accurate measurement of the water content. When sequential 
extractions are being carried out, it is important to ensure 
that the glass chambers and tubing are completely free of water 
and/or water vapour from ae previous sample or from the 
atmosphere. This may be accomplished by circulating (i.e. 
heating and condensing) toluene through the system for one or 
two hours before placing a sample inside the apparatus. It is 
also important that all glass tube insert connections in the 
system be sealed with vacuum grease to prevent water vapour 
from entering or escaping the system. The thimble or filter 
bag should be oven-dried just prior to obtaining a tare mass 
and placing it in the extractor to remove any atmospheric water 
or water vapour from the filter paper. Toluene in the retort 
flask. sheuld be replaced frequently “Ci-ee: about every: Third 
test). Cotton batting and water indicator pellets in the 
pressure vent at the top of the condenser should also be 


changed frequently (i.e. after about every third test). 


Bitumen and water contents for all oi! sand samples tested 


are summarized in Tables 3.5, 3.6 and 3.7 as a percent of The 
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dry mass (i.e. the mass of the solid mineral grains). Initial 
water contents of Saline Creek oi! sand varied from 1.2 to 
6.0%. Bitumen contents for the Saline Creek oi! sand samples 
ranged from 13.2 to 19.0% of the mass of the mineral solids 


(i.e. 11.5 To 15.62 off the total mass of oil-sand). 
328.2 Density, Porosity and Fluid Saturations 


Bulk density of 100 mm diameter frozen oil sand core 
samples was initially determined by the "wax, dip and weigh" 
technique. Frozen core samples were weighed, coated in 
paraffin wax, reweighed, dipped in water and the volume of 
water displaced was then measured. The mass and density (and 
therefore volume) of paraffin wax were known, thus allowing 
reasonably precise determination of the density of the frozen 


Ol ssands cone. 


Density of finished 76 mm diameter test samples was 
determined after sample preparation in the cold room by 
weighing and direct volume measurement. The diameter and 
height of finished ey tndri cal samples was determined by making 


multiple precise caliper measurements. 


Dry density and porosity of the samples may be determined 


if the bulk density, water content, bitumen content and density 


of the mineral solids are known. A density of 2.65 Mg/m> was 
assumed for oil sand mineral solids which are primarily 


quartzose sand grains. Bitumen and water were both assumed to 
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have densities of. 1.00 Mg/m?> at room temperature - and 


atmospheric pressure in determining pore fluid saturations. 


Density, porosity and fluid saturations for core and test 


samples are summarized in Table 3.8. 


Bulk densities of undisturbed core samples ranged from 2.02 
TO. 2.0 Mg/m?; corresponding porosities ranged from 0.33 to 
0.37. Finished test samples no. 5, 32 and 30 used in Tests 
COS1, COSZ2 and COS3, respectively, were severely disturbed; 
these were the first three test samples prepared and as 
described in subsection Bae oe the samples were exposed to high 
concentrations of gaseous carbon dioxide. Bulk densities of 
the remaining test samples ranged from 1.95 to 2.12 Mg/m> 


with corresponding porosities ranging from 0.33 to 0.38. 


The Saline Creek oi! sand samples typically had bitumen 


saturations exceeding 80% and water saturation of less than 20% 


of the pore volume. 


A single Cold Lake oil ‘sand core sample was also tested. 
The Cold Lake samp!e was moderately disturbed; the bulk density 
of the test sample was 1.965 Mg/m> and the porosity was 


0.383. Water. wand ol l-’ saturations were, 25.6% and 66.72, 


respectively. 
3.8.3 Grain Size Distribution Analyses 


A series of tests to determine grain size distributions of 
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oil sand samples was performed before and after compression 
testing at elevated stresses and Enemies in the 
consolidometer and triaxial cell. The aim of the grain size 
analyses was to detect any mineral grain crushing due to high 


stresses and temperatures. 


Mechanical sieve analyses were performed following the 
procedure outlined by the American Society for Testing and 
Materials in testing standard ASTM D422-72. Hydrometer 
analyses were also performed where applicable, on portions of 
samples having effective particle diameters smaller than 0.074 
mm. The procedure for hydrometer analysis, also outlined in 


testing standard ASTM D422-72, was followed. 


Bitumen was extracted from the oil sand samples by soxhlet 
refluxing with toluene prior to conducting grain size analyses. 
It should be noted that a small portion of the fine silt and 
clay size particles were absorbed by the filter bag during this 


process. 


Data from the grain size analyses are summarized in Table 
3.9. Grain size distribution curves for 20 test samples are 
included in Appendix F; grain size distributions before and 


after “compression testing. are, Included for 12 of the fest 


samples. 


The grain size analyses indicate that some crushing of 


mineral grains did occur at elevated temperature and stress 
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TABLE 3.9 


Summary of Data Fran Grain Size Analyses. 
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levels. However, the degree of alteration of the grain.size 
distribution curves for Saline Creek oil sand is minimal even 
at stresses up to 25 MPa and temperatures up to 300°C. The 
grain size distribution of the single Cold Lake Oil sand test 
samp le was altered more dramatically when subjected to 
effective confining, stresses up to 17 MPa at 200°C. The 
mineral grains of oil sand from the Clearwater Formation at 
Cold Lake include substantial proportions of feldspar and 
volcanic clasts as well as quartz. The micaceous minerals are 
less resistant to shearing than quartz as evidenced by these 


grain size analyses. 
3.8.4 Viscosity of Athabasca Bitumen 


The dynamic viscosity of Athabasca bitumen was measured in 
a series of plate viscometer tests to illustrate the influence 
of unsaturated heating, i.e. "thermal aging", on bitumen 
viscosity. The test procedure followed is outlined in the 
American Society for Testing and Materials specification ASTM 


DS5/0=77, Procedure B. 


A sample of Athabasca bitumen was extracted from an oil 
sand sample by soxhlet refluxing. The sample was then 


subjected to the following cycles of heating and testing: 


1. The bitumen sample was heated at 135°C and atmospheric 
pressure in an oven for 24 hours. The bitumen was then 


mounted in a plate viscometer apparatus which was 
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subsequently submerged in a constant temperature water 
bewhy wat ewe Cr After temperatures had stabilized the 
plates were subjected to a range of shear displacement 
rates to determine dynamic viscosity. of the bitumen. 
The same bitumen samp!e was again heated in an oven for 
24 hours at 150°C. A 25°C plate viscometer experiment 
was conducted. 

The bitumen sample was heated a third time in the oven 
POte.24 IhOURSwsai byDml « A third plate viscometer 
experiment was performed in the 25°C constant 


temperature bath. 


Results of the three plate viscometer experiments are tabulated 


in Appendix |. Shear displacement rate versus shearing stress 


is plotted for each of the three experiments in Figure 3.11. 


The dynamic viscosity of the bitumen decreased dramatically 


with time of heating and temperature. Dynamic viscosities 


corresponding to the three tests plotted in Figure 3.11 are: 


a) 


b) 


c) 


20 x 106 mPa.s after heating for 24 hours at 135°C; 

70 x 10° mPa.s after heating for a further 24 hours 
ate 150°C: “and 

450 x 10© mPa.s after heating for a further 24 hours 
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FIGURE 3.11 Viscosity Changes in Athabasca Bitumen 
Due to Thermal Aging 


ee Le 
- 3 # 7 ane 


h 
is 
Pa 
i 
- 
E 
» - 
i] 

* es 
* 


Aor © wrivasal’ 
(gd, teat ‘ot tall, 


Sikes hae 


| | 
(1 ADTAS tes sn 


PRM; iy 


2h ae ov 
Frome fhe 
! if 
ih up 


3.9 


Page 153 


These plate viscometer test results illustrate that while 
heating is generally favourable for oil recovery, sustained 
heating unsaturated, i.e. at low pressures, may, in fact, cause 
"case hardening" of the bitumen. The geotechncial implications 
of "thermal aging" of bitumen are described in section 4.4.2 of 


Chapter 4. 


Oil Sand Microfabric and Mineralogy Studies 


SSIES) Textural and Mineralogic Alteration at Elevated 
Temperature and Pressures 


The University of Calgary Sedimentology Research Group 
(1981) have reported observed textural changes and mineralogic 
alterations in Cold Lake oi! sand following high temperature 
steam injection. Injection of steam at temperatures up To 
250°C was observed to cause mineral reactions which resulted in 
the formation of smectite minerals (<2ym) from kaolinite end 
feldspar. Implications ofm texture! Scheanges:” due tTo-grain 
crushing or smectite growth include reduction of total porosity 


and absolute permeability. 


Scanning electron microscope study and X-ray diffraction 
analyses were conducted with the aim of identifying mineralogic 
or textural alterations resulting from compression and 
permeability testing of oil sand at elevated temperatures .and 
stresses. The study was also useful in comparing the 


microfabric of intact and remoulded oil sand. 
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3.9.2 Scanning Electron Microscope Study 


Mineral grain fabric and texture of seventeen oi! sand 
specimens were studied and photographed by scanning electron 
microscope methods. Six samples were studied using a Cambridge 
Stereoscan (Model S-4) scanning electron microscope and the 
remaining eleven samples were studied using a Cambridge 


Tereoscan 100 model. Both models have similar capabilities. 


Intact specimens of oil rich oil sand were carefully cut 
from larger samples using a sharp knife. Specimens were 
mounted on metallic stubs with heads 7.5 mm in diameter, using 
low-resistance contact cement. The mounted specimens were then 
placed in a vacuum dessicater jar for several hours to remove 
gaseous hydrocarbon components from the bitumen phase. Before 
viewing, specimens were coated in vacuo with a layer of carbon 
and two layers of gold, each approximately 50 to 75 A thick. 
Tne gold coating provides conductive communication over the 
specimen surface and the metallic stub. Coated specimens were 
set up on a mounting frame inside the scanning electron 
microscope vacuum chamber. Up to 8 specimens may be placed on 
tne mounting frame simultaneously for sequential viewing. 
Rotational, translational and tipping controls are provided on 
the mounting frame. An electron beam initiated by excitation 
voltages of 20 to 25 kV caused secondary electron emission from 
the coated specimens. Enhanced magnified images were viewed 
directly on a cathode ray screen and occasionally photographed 


on black and white film negatives. 
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A summary of specimens studied and photographed in the 
scanning electron microscope is listed in Table 3.10. Scanning 
electron microphotograph plates for these oil sand specimens 
are included with individual descriptive captions in Appendix 
G. Plates 3.1 to 3.6 inclusive show typical examples of 
microfabric and grain texture for both intact and remoulded oi| 
sand samples from Saline Creek and Cold Lake. ime ens 120 
interest to note that when oil sand is remoulded, the 
interpenetrative microstructure, characteristic of undisturbed 
oil sand in situ, is lost. Intact mineral grain arrangements 
for Saline Creek oil sand are shown in Plates 3.1, 3.2 and 
3.3. A remoulded oil free sample (solvent extracted) is shown 
in Plate 3.4. Quartz sand grains with unclassified flucculated 
clay minerals adhering to their surfaces have lost their 
interpenetrative microstructural arrangement and are_ in 
"tangent-to-tangent" contact. BY aconiiacm,. “ea | oll reren 
remoulded of! sand sample is shown in Plate 3.5.  Remoulding 
and vigorous recompaction interestingly has not disrupted al}! 
individual grain contacts but has segregated clusters (or peds) 
of sand grains and bitumen. Plate 3.6 shows intact microfabric 
of a Cold Lake oi! sand specimen. Sand grain size, shape and 
arrangement appear to be very similar to that of Saline Creek 
oil sand. The lower dynamic Weccetty of Cold Lake bitumen is 


apparent since there is less smear than for oil rich Saline 


Creek specimens. 


The scanning electron microscope is interfaced with a 


microprocessor and CRT screen for processing and plotting X-ray 
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TABLE 3.10 


Scanning Electron Microscope Specimens 


Test Plate 
No. Sample Description Nos. 


Oven dried (110°C) sample from the Suncor | G1-G4 
minesite near Fort McMurray. 
| 
Oil free McMurray oi! sand from an out- | G5-G6 
crop on the High Hill River 40 km east of | 
Fort McMurray. 
Solvent extracted oil free Saline Creek G7 and 
oil sand. 3.4 
Intact Saline Creek oil sand. G8-G11 
and 
Det 
Saline Creek oil sand after removal of G12-G15 
10 per cent of the bitumen in a 100°C 
permeability test. 
Saline Creek oi! sand after removal of G16 and 
50 per cent of the bitumen in a 250°C 5.2 


permeability test. 


Clay particles in sample 31B after 250°C G17-G18 
permeability. test. 


Saline Creek oi! sand after 300°C drained G19-G20 
thermal expansion and compression to 
6 MPa effective confining stress. 


Remoulded Saline Creek oi! sand after G21 and 
room temperature triaxial compression at 3.5 
8 MPa effective confining stress. 


Saline Creek oi! sand sample after 200°C G22-G23 
triaxial compression at 8 MPa effective 
confining stress. 


Saline Creek oil sand after 200°C triaxial} G24-G25 
compression at 4.0 to 0.6 MPa effective 


confining stress. 


Saline Creek oi! sand sample after 125°C G26 and 
triaxial compression at 4 MPa effective 3.3 
confining stress. 


Cold Lake oil sand sample after 200°C G27 and 
triaxial compression test at 4 MPa 3.6 
effective confining stress. 
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200HM 20K oi 
PIRATES Sie | Intact fabric of oil-rich Saline Creek 
oil sand. 


PLATE 3-2 Saline Creek oil sand fabric after 
removal of 50 percent of the bitumen 
during a 250°C permeability experiment. 
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125 DEG C SALINE CK 
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PLATE 3-3 Saline Creek oil sand after triaxial 
compression under 4 MPa effective 
confining stress and 125°C. 


PLATE 3.4 Oil free Saline Creek sand following 
solvent extraction. 
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PLATE 3.5 Remoulded Saline Creek oil sand fabric 
(note clusters-or peds of "oil-bonded" 
sand grains). 


PLATE 3-6 Cold Lake oil sand fabric after triaxial 
compression under 4 MPa effective 
confining stress and at 200°C. 
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diffraction angles. The microprocessor has been programmed to 
Identify minerals in the specimen on’ the basis_- of 
characteristic X-ray diffraction peaks. X-ray diffraction 
analyses were performed for one McMurray Formation sample, a 
Saline Creek sample and a Cold Lake sample. Plates 3.7 to 3.9 
are photographs of X-ray diffraction peaks which were displayed 
on the CRT screen for these samples. Minerals in the McMurray 
and Saline Creek samples are predominantly silica (quartz). 
Traces of aluminium and nickel were also detected in the Saline 
Creek sample. Dominant minerals in the Cold Lake sample 
included both aluminium and silica with traces of potassium, 
calcium and iron. It should be noted that the peaks labelled 
AU in Plates 3.7 to 3.9 indicate the presence of artifically 


applied gold coatings on the samples. 
3.9.5 X-Ray Diffraction Analyses 


A series of X-ray diffraction analyses were performed and 
interpreted by staff of the Alberta Research Council with the 
aim of identifying any mineralogic alterations of Saline Creek 


samples tested at elevated temperatures and stresses. 


Portions of samples not subjected to elevated temperature 
and stress conditions were analyzed for comparison with post 
test samples. Bitumen was first removed from the samples by 
soxhlet refluxing with toluene. Samples were then fractioned 
into coarse (>2um) and fine (<2ym) fractions before X-ray 


analysis. The fractionating was performed in a centrifuge. 
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PLATE 3.7 X-ray diffraction angles for ol l=trhee 
McMurray Formation sand (predominantly 
Ssi\ica) « 
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| PRs 6 MOUSER 174g 
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X-ray diffraction angles 
fon oll eich. Saline 
Creek oil sand. (Silica, 
Aluminium and Nickel 
peaks dominant). 


| T0815 200 COLD LK 7-06 
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X-ray diffraction angles 
for oil-rich Cold Lake 
oil sand. (Aluminium, 
Silica, Potassium, 
Calcium, Iron and Nickel 
peaks). 
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The coarse fractions of samples were ground into a fine powder 
and mounted on glass slides; fine fractions were wetted and 


smeared directly onto the glass slides. 


X-ray diffraction traces for both coarse and fine fractions 
of the seven samples analyzed are presented in Appendix H. 
Results of the X-ray diffraction analyses are summarized in 
Table 3.11. No significant mineral alterations were detected 
for either the coarse or fine fractions of these samples. A 
smalls amount eof athe . fine. ftrachion [of sample 41 Cite. 
approximately 5%) was apparently converted from illite to 
montmorillonite under test temperatures up to 300°C. This is 
not considered to be of great practical significance since the 
fine fraction comprises less than 5% by mass of the total 


sample. This finding is, nevertheless, of academic interest. 


3.10 Summary 


This chapter describes testing equipment and procedures for 
determining geotechnical behaviour of oil sands at elevated 
temperatures and pressures. No attempt has been made to analyze or 


explain the engineering significance of test results. 


The chapter includes: 


(aya. detailed “description, of ‘various components lot) the 


laboratory testing facility; 


(b) compliance testing requirements, procedures and _ test 


results 
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(c) a description of sampling techniques and sample preparation 
procedures for obtaining high quality undisturbed oil sand 
samp les; 

(d) summaries of tests and testing procedures for thermal 
expansion and compression, permeability and triaxial 
testing; 

(e) rationale and procedures for supplementary index tests, 
iee. grain size, density, fluid saturations and bitumen 
viscosity measurement; and 

(f) rationale and procedures for microfabric and mineralogy 
studies using scanning electron microscopy and X-ray 


diffraction analyses. 


Many facets of the testing program involved development of 
testing procedures and techniques. A particular effort has been 


made to outline problems and suggested improvements for future 


research. 
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4.0 DISCUSSION OF EXPERIMENTAL RESULTS 


4.1 


Thermal Expansion 


4.1.1 Thermal Expansion Parameters 


Volumetric deformations resulting from temperature changes 
influence both stress and strain fields in situ. In the theory 
of thermoelasticity linear thermal strain is given by: 


€= - 
neat (4.1) 


and the compressive stress required to suppress thermal strain 


in one dimension is given by: 
OG AT (4.2) 


The coefficient of linear thermal expansion, a,, is therefore 


required to determine thermal strains and stresses. 


In a porous, multiphase geologic material such as oi! sand 
the magnitude of @, depends on whether fluid phases are 
mobile, i.e. whether or not mass transport occurs. A thermal 
stress analysis must therefore be coupled with both heat 
transfer and fluid flow analyses in order to correctly assess 
the magnitude of thermal stresses and strains. An upper bound 
for the magnitude of thermal expansion can be determined by 
conducting undrained heating experiments in which pore fluid 
drainage is prevented. The magnitude of undrained thermal 
expansion depends upon volumetric expansion of both the matrix 


of mineral solids and the pore fluids. The lower bound value 
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of the volumetric thermal expansion may be determined in 
drained heating experiments in which a constant pore pressure 
is maintained by heating sufficiently slowly to permit excess 
fluid pressures to dissipate by mass transport (i.e. fluid 
flow) out of the sample. The lower bound magnitude of drained 
thermal expansion depends only on volumetric expansion of the 
immobile solid phase. The volume a pore fluid expelled from a 
laboratory sample during drained heating is equivalent to the 
difference between undrained and drained volumetric thermal 


expansions at common pore pressure and effective stress. 


The case of transient (time dependent) heating and 
transient drainage may result in a condition of partial 
drainage (i.e. partial dissipation of excess fluid pressure), 
depending upon the relative rates of heating and fluid pressure 
dissipation. For the case of partial drainage the magnitude of 
thermal expansion will include drained thermal expansion of the 
solid matrix plus a fraction of the difference between fully 
drained and undrained thermal expansions. Partially drained 


thermal volumetric expansion may be expressed by: 


— = leo a 36 (a. = a. )A7 C43) 


where f is a fraction depending on the amount of pore fluid 


drainage at a given time. 


It is clear then, that at least two coefficients of thermal 


expansion, @, and @pp, are required to evaluate thermal 
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stresses and strains for porous multiphase geologic materials. 
The appropriate value of a, to be used in equations 4.1 and 
4.2 must be expressed in terms of the parameters ay» pr 


and f for transient drainage conditions. 


As discussed in Chapter 2, Section 2.3, Campanella and 
Mitchell (1972) expressed drained and undrained thermal 
expansion in terms of thermal expansion and compressibility of 
the individual components of soils, i.e. mineral solids, pore 
fluids and the mineral grain matrix. Agar et al. (1983) and 
Kosar (1983) have extended the Campanella and Mitchel! 


expressions to oil sand. These more fundamental expressions 


will be used in describing various features of the experimental 
results. 
4.1.2 Drained Thermal Expansion 

Drained thermal expansion of Saline Creek oi! sand was 


measured in tests COS6 and COS7 at effective confining stresses 
of 6 MPa and 0.05 MPa respectively. Volumetric thermal 
expansion is plotted as a percentage of the original sample 
volume for these tests in Figure 4.1. The cubical volumetric 
expansion of an alpha quartz crystal (i.e. a sand grain) is 
also plotted for comparison. The pore pressure was maintained 
constant at 5 MPa up to 200°C, then increased and maintained-at 
i>) Pa’ ctos 300 7G. Sains, .boti “tests. Several interesting 
observations concerning drained thermal expansion behaviour of 


oil sand may be derived from these test results: 
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There was a small volume decrease of both samples 
during the initial stage of heating. This may be 
attributed to rearrangement of the mineral = grain 
structure as a consequence of decreased shearing 
strength of individual interparticle contacts combined 
Witt) inemeaevelonment* of Fthermally induced ‘shear 
Sinessesm.as) 6 result; of lateral “constraint. in the 
consolidometer ring. Thiss peri fal *eol lapse ot The 
grain structure enables the sand to carry the same 
vertical effective stress at a higher temperature. 
Campanella and Mitchel! (1972) identified a similar but 
more dramatic phenomenon for illite clay samples. 
Kosar (1983) tested remoulded sand samples at various 
initial densities and found that the magnitude of the 
structural collapse was dependent upon initial density, 
i.e. the collapse component of volume change was larger 
for samples of lower dry density. 

Subsequent volumetric thermal expansion after the 
initial grain structure collapse is almost parallel to 
the thermal expansion of individual sand grains for 
both tests. 

The sample subjected to 6 MPa effective confining 
stress expanded more than the sample subjected to a 
nominal effective confining stress of about 50 kPa. 
This is probably due to higher interparticle Sheartfg 
resistance at the higher effective stress level. 
Further structural collapse was observed at 200°C in 


conjunction with cubical compression of the sand grains 
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when the pore pressure was increased from 5 MPa to .15 
MPa despite the fact that effective confining stress 
was maintained constant. Also the sample under the 
higher 6 MPa effective confining stress collapsed 
slightly more at this stage than the sample under 


nominal effective stress. 


While observed volume decreases due to structural collapse 
are of interest, the magnitude of this component of volume 
change is not considered to be of practical significance for 


dense oil sands in situ. 


Drained thermal expansion was also measured in tests 
CPERM4, CPERM5, CPERM6, CPERM7, CPERM8 and CPERM9, at effective 
confining stresses of 2, 3 and 4 MPa. Thermal expansion plots 
for these tests are included in Appendix D. Drained thermal 
expansion behaviour observed in these tests was similar to the 
trends observed in Figure 4.1. The rate of heating was 
increased for tests CPERM4, CPERMD and CPERM6 resulting in 
slightly more erratic thermal expansion behaviour; this is due 
to the fact that pore pressure within the samples tended to 


build up and fluctuate at the increased heating rates. 


Figure 4.2 is a plot of pore volume changes with 
temperature for Saline Creek of! sand under constant effective 
confining stress. This plot was synthesized from results of 
several drained thermal expansion tests. The magnitude of pore 


volume change depends upon initial porosity and effective 


ee ‘x yar saber ‘ae ie 
een phiat FD, ay ‘tse 
te. 


i gaan! Sen al ae ny “bayiads, niolvaited: note 
ac) ini: Rha Le “Sher Coun nk ayet, nt 1 bowneadns aban tt 


<P 


ant ebay -9 fe ath ir ‘ 


ae a ‘Net rant ata! see ts pars $i) 


= A a 13 | Wh 
=e a Le 1 ‘ 7 ‘ eT. qh doce tgt! pea gence. out i 
pine hr Kes . Wick. off ie . Te es, nth porapinate “Ns 


een (Sentest a ae ‘ung fi, senidgnt on, eteat pear > 


E bf ene ome bs all bead chen neeedy, os tert A304 ath et ; : 


tring” Jeera eulaat erie | Ma oe &. a Seep pets NG 4 
: ‘ hase . 


betray ’ ; 
, in® 
tan ; y. 
¢ he = j P 
: - 


Ls) = Lowe, —) — 
- < , , es 2 
an eg = 
a e ca - . 
i ‘ea > 
’ Co —— 


% aint oe isting 


LK . j A 
y a6, i 


. 
a pees, = a } 


i ek ides heaping ; P. f wth & we pera ee 


> » E ie? =a 


“ist 


ie SR a RU tetera 4 


P een e! 


'B: we at et ee aie: oe 4 itde 


a! eres ith Snide Devt a tha a 


‘ Sack tal? & 2 vi a 14 « we ‘ A 
sas +k a 


UPI te sg hrngs feb bites: | Mie, dour) srjlez: oot? rants regnet .) rey 
Wi! ‘eiaken te? rn a reidietay ride alert i ; "a 


Page 1/72 


OO€ 


OSe 


eingesadue|] usim seBueyg ewnjoa e4og Z*p FYNOI4 


(9 Baq) SYunLWYSadWaL 
Oc O08] Oh OOo} 


BWYAdI-SWHAdD 3 LSOB-9SOD §+Se] YO paseg 
Edw] O'v-G0'D = sseug ButuTjuoDg 39AT199455 
LE0-ve'0 = Arpsosod TeTLTUL 


0g 


Oe 


“Oh 


OT 


0e*On 


ono 


OS Oh 


o£ Oh 


(TH) SWNIOA 380d AldWYUS 


re 
ss 
; = 


= 


fa ee ; aap ont tos ee a ee a od 


a 


oh haere 


: nq ei : 
a | 
beeen ales 7 bis ts . a 


i { ee, 


Page 173 


stress. The commonity used parameters, porosity and void ratio, 
vary both as a result of pore volume changes and total volume 
changes during heating. For this reason it is considered more 
convenient to determine pore volume changes with temperature 
directly. Pore volume changes shown in Figure 4.2 are 
replotted in Figure 4.3 as percent of initial total volume at 
room temperature. Pore volume decreases initially due to 
partial grain structure collapse then increases. The magnitude 


of pore volume change is small, i.e. +0.1 percent. 


Figure 4.4 is a plot of coefficient of cumulative drained 
thermal expansion, @pr, with temperature for Saline Creek 


oil sand under constant effective confining stress. 


It was not possible to accurately measure’ drained 
volumetric thermal expansion in the triaxial cell during this 
study because of incompatibility between the lateral 


deformation measuring device and oi! sand. As discussed in 


Chapter 3, the lateral strain gauge clamp device introduced 
diametral tensile stresses. at right angles to the point 
contacts with the sample, cen in turn caused significant 
distortion of lateral deformations. Strain gauge clamps are 
often used successfully for testing rocks however, since oil 
sand does not have any true tensile strength it cannot resist 
even the very small tensile stresses introduced by such a 
device. An alternative device for measuring volume change of 
triaxial samples is a dilatometer which measures volume changes 


of the cell fluid in a triaxial cell. Volume of pore fluids 
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drained from triaxial samples during heating was measured; also 
vertical (axial) thermal expansion of triaxial samples was 
measured. This thermal expansion data is presented in Appendix 


ET 
4.1.5 Undrained Thermal Expansion 


Undrained thermal expansion of Saline Creek oil sand was 
determined in a series of tests at temperatures ranging from 
20°C to 300°C at various pore pressures up to 15 MPa. All 
tests were performed at nominal effective confining stresses 
less than about 0.05 MPa. Pore fluid pressures and effective 
vertical confining stress were maintained constant during these 
undrained tests by heating very slowly and allowing volumetric 
expansion to occur so that pressures did not build up. A 
nominal effective confining stress was required to prevent 


uncontrolled expansion. 


A gas exsolution pressure-temperature relationship for 
Saline Creek oi! sand derived from undrained thermal expansion 


tests is compared with the saturation curve for water in Figure 


4.5. 


Undrained thermal expansion of Saline Creek oil sand at 
various pore fluid pressures ranging from 0.5 to 15 MPa up to 
the gas .exsolution limit is summarized in Figure 4.6. 
Volumetric expansion is shown as a percent of the initial 
sample volume at room temperature in Figure 4.6. Gas 


exsolution pressures from Figure 4.5, corresponding to various 
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FIGURE 4.5 Gas Exsolution Pressure-Temperature 
Data for Saline Creek Oil Sand 
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temperatures are shown on the gas exsolution volume change 


curve in Figure 4.6. 


Also, a lower bound drained thermal expansion curve is 
plotted in Figure 4.6 to define the range of thermal expansion 
for Saline Creek oi! sand for temperatures up to 300°C. It may 
be observed that undrained thermal expansion is suppressed at 
elevated temperatures when pore fluid pressure is increased due 


to compression of the pore fluids. 


The undrained coefficient of thermal expansion, a, may 
be evaluated using thermal “expansion data plotted in Figure 
4.6. Variation of the cumulative undrained coefficient of 
thermal expansion,-a,, with temperature and pore pressure is 
shown in Figure 4.7. The logarithm of the drained and 
undrained thermal expansion coefficients are plotted against 


temperature in Figure 4.8. 
4.1.4 Implications of Sample Disturbance 


The magnitude of drained thermal expansion of laboratory 
samples of oil sand is reduced as a result of microfabric 
disturbance. Larger initial Pores permits individual sand 
grains to expand into the available pore space. Also, reduced 
frictional resistance at individual grain contacts in disturbed 
samples increases the potential magnitude of the structure 
collapse component of volume change. Reduction of the 
magnitude of drained thermal expansion of oil sand samples is 


not considered to be of practical significance for samples 
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having disturbance indices, Ip, less than about 15%. 


Disturbance index was defined in section 3.3.8. 


Increased pore volume resulting from sample disturbance is 
occupied by water in a back-saturated oi! sand _ sample. 
Undrained thermal expansion of the sample is therefore 
increased by the magnitude of undrained thermal expansion of 
the extra pore water. For example, if the in situ porosity is 
0.33 and a high quaiity oil sand sample having initial porosity 
0.35 is tested, the corresponding increase in total volume is 
2.0% and the pore volume increases by approximately 6.0%. If 
the sample is heated undrained to 200°C at constant pore 
pressure, thermal expansion of the additional water in the pore 
space will result in about 0.3% extra expansion of the sample, 
i.e. this represents an error in total expansion of about 4%. 
The magnitude of the error increases proportionally with the 
magnitude of temperature increase. The example cited here is 
typical for the test results presented. It is evident that 
undrained thermal expansion is very sensitive to sample 
disturbance. Samples having a disturbance index value, Ip, 
greater than about 8.0% are not considered suitable for 


undrained thermal expansion testing. 


Drained Compressibility 


4.2.1 Drained Compressibility Parameters 


Volumetric compression or expansion of porous soils and 
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intergranular shear strength, mineralogy, etc. Compressibility 
of the solid grain structure is an important parameter for 
evaluating volumetric strains which may result from either a 
change in pore fluid pressure or a change in "all-round" 


confining stress. 


Drained compressibility is common | y measured in two types 
of laboratory test: (i) one dimensional compression tests in 
which no lateral strain is permitted (eg. compression tests in 
the consolidometer, or Ko tests in a triaxial cell); and (ii) 
isotropic compression tests in a triaxial cell. Two different 
volume compressibility parameters have been defined for each of 
the above types of _ test: ive tS wet ieryscocttielent ion 
compressibility for one dimensional laterally constrained 
loading and C, is_the coefficient of compressibility under 
equal all-round stress changes. lm egeneral, Co is greater 
than my, (Skempton and Bishop, 1954). The difference is smal! 
for dense undisturbed of! sand. It should be emphasized that 
neither of the above compressibility parameters are generally 
applicable for determining dilatant volumetric strains 
resulting when the material is subjected to deviatoric or shear 
stresses. Dilatancy may be defined as the volume change 
consequent upon the application of shear stress, and will be 


discussed further in section 4.4. 


A further important consideration in applying 
compressibility parameters in numerical modelling relates to 
the stress history of the material. Compressibility during 


first time loading (normal consolidation) is substantially 
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greater than for subsequent cycles of loading and unloading 


(i.e. overconsolidated behaviour). 
4.2.2 One Dimensional Compressibility 


One dimensional compressibility tests were performed in the 
high temperature consolidometer to evaluate the influence of 
elevated temperatures on m, for Saline Creek oil sand. 
Stress-strain plots are presented in Appendix C. Three cycles 
of loading and unloading were typically applied to oil sand 
samples. Volumetric strain is a nonlinear function of vertical 
effective compressive stress; also cumulative non-recoverable 
(plastic) strain resulted with each cycle of loading and 
unloading. Nonlinearity and hysteresis are most pronounced for 
the first loading cycle after which one dimensional 
comphessibrlity, .m,, “approaches ‘reversibte| linear elastic 
behaviour. ‘‘The first cycle of loading corresponds: to normal 
consolidation and, depending on the stress history of the 


sample, may be substantially greater than the cyclic 


compressidility. 


Results of one dimensional compression tests at 
temperatures up to 300°C are summarized in Table 4.1. There is 
a modest decrease in the cyclic value of m, from about 5 x 
1077 kPaw! sat —s room temperature <fo, jabouT, 737° x 1077 
kPa! at elevated temperatures for oil sand. The observed 
decrease of m, at elevated temperatures is consistent with 
observed porosity changes during drained heating. Values of 


Young's Modulus, E, which were calculated assuming Poisson's 
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Rano constant atr—0.50, \are listed tm Table 4.1. Note that 
values of Young's Modulus derived in this manner are generally 


lower than those derived from triaxial compression tests. 
4.2.3 lsotropic Compressibility 


|sotropic compression tests were performed in the high 
temperature triaxial cell to determine Cy for Saline Creek 
and Cold Lake oil sand samples at various temperatures. 
Stress-strain plots are included with triaxial test data in 
Appendix E- Three cycles of drained isotropic compression and 
decompression were applied to samples. Characteristic 
hysteresis of the cyclic stress-strain curves was observed 
indicating inelastic behaviour. Nonlinear stress-strain 
behaviour was also observed. Both nonlinearity and hysteresis 
are reduced after the first compression cycle, as is typical 


for normal consolidation. 


Results of isotropic compression tests at temperatures up 
to 200°C are summarized in Table 4.2. There is a modest 
decrease? in (the cyclic” Value of tC... Trem S26" Lor? 
kPa! at room temperature to 3.9 x 107! MEkPa ae lat 
elevated temperatures. This decrease is also consistent with 
observed porosity changes during drained heating. 
Compressibility of the Cold Lake oil sand sample at 200°C ‘is 
somewhat greater than that of Saline Creek oi! sand. This is 
due in part to the higher initial porosity and weaker 
mineralogy of the Clearwater Formation oi! sand from Cold Lake. 


Young's modulus was calculated for each test assuming a 
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constant value of Poisson's Ratio of 0.30; modulus values are 
listed in Table 4.2. Note that these modulus values are 
greater than those determined using the lower m, values in 
hable. 4.h« In general, modulus values based on m, are low 
because in situ horizontal stresses are not equivalent to those 


determined using linear elasticity. 


Although values of C, listed in Table 4.2 are generally 
greater than values of m, listed in Table 4.1, the 
differences are not considered to be of practical significance 
in view of other more dominant factors such as_ sample 


disturbance, stress level, etc... 


4.2.4 Implications of Sample Disturbance 


Although no comprehensive study was conducted to evaluate 
quantitatively the influence of sample disturbance on drained 
compressibility, the following general conclusions may be 


cited: 


a) Sample disturbance may significantly increase drained 
compressibility for first time loading. In fact, the 
effects of stress history and sample disturbance are 


often indistinguishable in compression test results. 


b) Cyclic compressibility of oi! sand samples in which the 
original structure has been preserved (i.e. disturbance 
index, Ip, less than about 10%), does not appear to 


be significantly affected. 
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4.5 Undrained Compressibility and Pore Pressure Response To 
Undrained Heating 


4.3.1 Undrained Compressibility and Pore Pressure Response 
Parameters 
Undrained compressibility, Bu, enters into  undrained 


stress-deformation analyses. Also, compressibility of the pore 
Feld Ss, Be, is an important parameter in fluid flow and heat 
transfer analyses which are based on the oprinciples_ of 
conservation of mass and energy, i.e. transient drainage of 
compressible fluids and convective heat transfer. For many 
geotechnical problems isothermal conditions prevail and water 
is the.only pore fluid present. In oi sand where two or more 
pore fluid phases may exist simultaneously over a range of 
temperatures, evaluation of appropriate values of BY and B. 
is more complex. Compressibilities of oi! sand pore fluids are 
often determined by "Pressure-Volume-Temperature" (PVT) testing 
of filvids extracted from the pore space of the of! sand (i.e. 
bitumen, water and gases). An alternate test method was 
devised during the course of this research in which an 
undisturbed oil sand sample was heated undrained in_ the 
triaxial cel! under constant isotropic effective stress. 
Several parameters may be derived from such a test including 
Bis Br fend Ge W pore pressure, response, pal ameter, eb7,) for 
undrained heating. A major advantage of this type of test over 
PVT testing is that pore fluids need not be altered; by an 


extraction process. 
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Pore pressure response to undrained heating may be a factor 
in reducing effective confining stresses and available shear 
strength during rapid heating because of low effective 
permeability of oil sand at in situ temperatures. Just as an 
isothermal total stress change generates a pore pressure 
reaction expressed in terms of the parameter B, similarly an 
undrained temperature change eamices @ pore pressure response 
that can be expressed by an analogous parameter Br 
(Morgenstern, 1981). The coefficient By may be expressed in 
terms of stress and temperature-dependent volume changes of the 
components of oi! sand. Campanella and Mitchell (1968) 
developed a similar pore pressure parameter, F, based on 


undrained heating of illite clays in a consolidometer. 


Provided that grain-to-grain contact is maintained during 
undrained heating (i.e. effective stresses are greater than 
zero), then thermal expansion and pore pressure compressibility 
of the individual components of oi! sand may be equated with 
thermal expansion, effective stress compressibility and 


dilatancy of the mineral grain matrix as follows: 


(AV J + (AV), + (AV,),, - (AV), = Oe) aoe 
(4.4) 


S WAV) (AV a + (Av) (Oo, - 
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w denoted water 

B denotes bitumen 

S denotes mineral solids 

m denotes solids matrix 

T denotes temperature change 

u denotes pore pressure change 


G' denotes an ambient effective stress 
change 


(0, - 0,;) denotes a deviatoric stress change 


Equation 4.4 may be rewritten: 


[@,,”,, ae a7, es Ce ay it [6,, a ss Bo4, % pene] Au 
CARD») 


= (a. = an) AT = ox [Aa'+ S 3 (a, - 9,)] 


where: 


a,,AT denotes the structural collapse com- 
ponent of thermal volume change 


Sau esat dimensionless "structural 
parameter accounting for dilatancy 
(Skempton and Bishop, 1954). 


Skempton originally defined the parameter Sq to account 
for dilatant volume changes resulting when deviatoric stress 


changes were applied to a triaxial sample. The Sq parameter 
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is used here to account for dilatant volume changes during 


undrained heating of a sample under anisotropic stresses. 


Equation 4.5 may be simplified by setting: 


a. = [en + a + an_| 


Bos hel Boe 28-7] 


WoW Bias Ss 


Then equation 4.5 may be written: 


aAT- BAu=a Aar-c [Aaa'+ s, A a,-9,)] (4.6) 


For isotropic stress conditions: 


a AT - B Au = a. ,AT - c Ao (4.7) 


In general: 


Ad'= AG - Au (4.8) 
and: 

a-a_ +c (4d 
p= fu, Su 7 “pr * Solan) (4.9) 
Die Se serene 


Laboratory heating experiments are generally either 


performed with constant total stresses or constant effective 
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stresses. For undrained heating and constant total stresses 


Give. A G-= 0): 


ale b 
gp = Au [| (4.10) 


and for undrained heating and constant effective stress: 


- Au Suse DR 


B = —— 
Te Aya CAs 74) 
B 


It should be noted that dilatant volume changes resulting 
from shear stresses have not been considered in developing 
equations 4.7 to 4.11 inclusive. Undrained compressibility, 
Bu, may be determined when By is measured in an undrained 
heating experiment using equation 4.11 and appropriate thermal 


expansion parameters. 


Compressibility of the pore fluids, By, may also be 
determined, if porosity is known, as follows: 


ihe AER f a) 
B= By Bs 04712) 
f£ n 


Because of the presence of solution gases in oil sand pore 


fluids, B, may vary from compressibilities of extracted 


bitumen and water determined by PVT methods. 
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4.3.2 Undrained Heating with Constant Effective Stress 


Test TOS10 was conducted in the triaxial cell with near 
constant isotropic effective stress maintained on the sample 
during heating. No volume change results from compression of 
the mineral solids matrix when isotropic effective Siress. 1s 
maintained constant. Equations 4.11 and 4.12 therefore, may be 
used. to determine Bu and B, from this test. Heating was 
carried out in eight cycles, each about 20°- 30°C temperature 
increments, in order to avoid exceeding the limit of pressure 
Capacity of. The test cell. Detailed procedures and test 
results are presented in Appendix E. Pore pressure response 
BT, undrained compressibility Bu and pore fluid 
compressibility Be determined from results of test TOS1O are 
summarized in Table 4.3. Undrained compressibility, Bu, was 
measured in two other triaxial tests, TOS1 and TOS8, however, 
accuracy of the lateral deformation measurements fed 


questionable, as discussed in section 3.7. 


Jndrained compressibility, Bu, determined in test TOS10 js 
plotted on Figure 4.9 over the temperature range of 20°-200°C. 
Drained isotropic compressibility of Saline Creek oi! sand is 
also shown ini Figure: 4.9 for ‘thneet tests, at (20°C,, 125°C and 
200°C. | Pore fluid icompressibility,: Bz, of bitumen and water 
determined in test TOS10, for temperatures up to 2007C is 


compared with. published PVT. datas for, water and /solvent 


extracted Athabasca bitumen in Figure 4.10. 
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Effective Stress = 4-18 MPa 
Pore Pressure = 2-20 MPa 
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Pressure Range : 2-20 MPa 


Bitumen € Water — 
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Solvent Extracted Bitumen, 
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4.5.5 Undrained Heating with Constant Total Stresses 


Undrained heating experiments with total stresses constant 
were performed both in the high temperature consolidometer and 
prhaxial rest cells. In test COS5 (see Appendix B), an oil 
sand sample was heated undrained in the consoliometer. with the 
total vertical confining stress maintained constant at 11 MPa 
and initial pore pressure of 5 MPa. Pore pressure response was 
monitored over the temperature range 20° - 55°C (i.e. AT = 
5.0). Undrained heating was repeated over the temperature 
range: 150°C s= V7emc. with® total vertical confining stress 
constant at 17 MPa and initial pore pressure 11 MPa. Nonlinear 
pore pressure increase with temperature was observed in both 


undrained heating cycles. 


int test 9OSIt “see Appendix £), an oil sand semple was 
heated undrained with -constant anisotropic total stresses; 
horizontal stress Padme anaenec at 14 MPa and the vertical 
stress at 16 MPa. The initial pore pressure was 10 MPa. Pore 
pressure increase with temperature was monitored over the 
temperature range 20°C to 400°C at which point the sample 
failed by shearing. Again* pore pressure response due to 


undrained heating was nonlinear. 


Fi Queer 44 1) \iswa.<summary plot of wone pressune response to 
undrained heating in tests COS5 and TOS11. It should be noted 
that since deviatoric stresses were applied in test TOS11, 


dilatancy must be accounted for and pore pressure response is 
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LEGEND 
s—a Test COSS (20-55 Deg C) 
e—e Test COS5S (150-178 Deg C) 
a—« Test TOSI (Dev.Stress=2 MPa) 


30 WS 60 Us 
TEMPERATURE INCREASE (eg C) 


Undrained Heating with Constant Total 
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characterized by equation 4.4. Table 4.4 summarizes pore 
pressure response and back calculated values of the structural 
parameter, Sd, based on the results of test TOS11. Horizontal 
stresses were not measured in the consolidometer, however, the 
pore pressure response in test COS5 may be characterized by 
modifying equation 4.8 and substituting the one dimensional 
compressibility parameter my in place of isotropic 


compressibility, C., as follows: 


iz auc ole DR 
Br = AT (he (Zh 67) By 
u Vv 


This is similar to the expression developed by Campanella and 


Mitchell (1968). 


It is of interest to note that the rate of pore pressure 
increase in test COS5 was slower during heating cycle 1 (from 
Z0Cs= 5540) than aeine heating cycle 2 (from 150°C - 178°C); 
the initial effective stress was similar for both cycles, i.e. 
5.8 MPa for cycle 1 and 6.0 MPa for cycle 2. Two factors 


contribute to this phenomenon: 


a) the difference pemecn undrained and drained 
coefficients of thermal expansion, @, - @pp,_ in 
equation 4.13 increases with temperature (see Figure 
4.6); and 

b) partial collapse of the mineral grain structure during 


the initial phase of heating (i.e. 24°C - 60°C) reduces 
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compressibility of the mineral grain matrix, Mm» 
slightly at elevated temperatures, thereby increasing 


Br 


Nonlinear pore pressure response curves shown in Figure 
4.11 may be approximated reasonably accurately by a hyperbolic 


relationship of the form: 


2 PAO Op he ei ee eal 
eat fe irae Ars (4.14) 
rio. 
where: 

o,' denotes initial effective confining 
stress (i.e. in the consol idometer 
and in the triaxial cell) 

and Br; denotes the initial pore pressure 


response parameter. 


Values of hyperbolic parameters in equation 4.14 which best 


fit the results of tests COS5 and TOS11 are as follows: 
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Test results are plotted with hyperbolic curves generated 
using equation 4.14 in Figure 4.12. (rieien Ory tne: 1By 
parameter with temperature and stress based on the above 
relationship is discussed further in Chapter 5. The range of 
pore pressure response to undrained heating for constant total 
stress tests and constant effective stress tests is shown in 
Figure 4.13. The rate of pore pressure increase in constant 
total stress tests depends on the initial effective confining 
STRess oo The rate of pore pressure increase with 
temperature is substantially higher when total stress is 
increased to maintain constant effective stress as indicated by 


comparing equations 4.10 and 4.11. 
4.3.4 Implications of Sample Disturbance 


The effect of sample disturbance on undrained 
compressibility behaviour and pore pressure response to 
undrained heating is similar to that described for undrained 


thermal expansion since these properties are interrelated. 


Sampling disturbance generally results in increased 
porosity of oil sand. The extra pore volume in laboratory 
samples initially is occupied by air and hydrocarbon gases 
evolved from the pore liquids. After back saturation, the 
extra pore volume is occupied by water introduced into the 
sample. The “propertion of liquid to solid) phases is thus 
increased, causing an increase in undrained compressibility 


since water is two orders of magnitude more compressible than 
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FIGURE 4.13 Pore Pressure Response to Undrained 
Heating Under Constant Total and 
Effective Stresses 
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the solid quartz sand grains, FO alta, 9 ase i iets 
kPa-! and Beaee” ax NOT fl at room temperature. 
For example, increasing porosity from 0.33 to 0.37 in a 690 ml 
triaxial sample will result in an increase in ci keel 
SCOUT ogee keer to ht. foc hol. me Kean. The 
influence of sample disturbance on £B, is somewhat more 
dramatic at elevated temperatures since the compressibility of 
water increases substantially more than that of solid quartz 
particles. pone Ss, Vuild -compressibitity, spe tse no1 et fered 
appreciably by moderate sample disturbance. An increase in the 
proportion of liquid to solids in oil sand results in increased 
rate of pore pressure increase during undrained heating because 
of the increased propensity of the material to expand with 
temperature. This is identical to the influence of disturbance 


on undrained thermal expansion under conditions of elevated 


effective confining stress. 


Strength and Stress-Strain Behaviour 


4.4.1 Strength and Stress-Strain Parameters 


Strength and stress-strain parameters are required to 


evaluate in situ stress changes and deformations resulting 


from: 


a) lateral stress changes, i.e. by underground excavation 


or surface loading; 


b) alteration of the thermal regime; and/or 


c) pore pressure changes. 
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The shear strength of a specimen of oi! sand may be broadly 
defined as the maximum shear stress which the specimen can 
withstand. Shear strength is defined in this study as the 
maximum shear stress which a cylindrical triaxial specimen, 
nominally 75 mm in diameter by 150 mm high can withstand 
following a specific triaxial compression stress path. Shear 
strength of oil sand may be characterized by the Mohr-Coulomb 


failure criterion as follows: 


P= oc! + otan >" (4515.) 


where c' and §' are the apparent cohesion and angle of 
shearing resistance with respect to effective stresses and a! 
is the effective stress normal to the shear plene. The 
Mohr=Coulomb,; criterion  Jike other failuge criteria ts 
empirical; for practical reasons it is by far the most widely 
used criterion for soils and rocks. Equation 4.15 may be 


written in terms of principal stresses: 


Ce COSeOt Lidge sang t 


5(o,' Oa.) e RDRPRE TS REST (4.16) 


The Mohr-Coulomb relationship recognizes that neither shear 
stress nor normal stress on a plane can alone cause shear 
failure, but that failure develops under critical combinations 


of shear and normal stress. 


Pre-failure stress-strain behaviour is also of interest for 
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in situ stress and deformation analyses. Stresses and strains 


are commonly related through stress-strain moduli. The 
simplest relationships drawn from the theory of elasticity 


assume that stress is a linear function of strain. 


Several aspects of the stress-strain behaviour of. oi! sand 
require significant departures from linear elastic theory as 


follows: 


a) strain is not a linear functions of stress; 

b) stress path dependency (i.e. the magnitude of strain 
depends on the stress path followed during the history 
of loading and unloading); 

c) shear stresses not only cause shear strains (i.e. 
angular distortion), but also volumetric strains, i.e. 


dilatancy. 


These three feattinas of the stress-strain behaviour of oil 
sand may be incorporated into numerical analyses by using 
concepts of incremental elasticity (eg. Duncan et al., 1980). 
Values of elastic moduli Ae varied with stress level to 
account for nonlinearity and in accordance with loading history 
to model stress path dependency; also elastic modulus values 
(i.e. Poisson's ratio or bulk modulus) may be varied with 
stress level to account for nonlinear volumetric ster a 
Stress dependent moduli are referred to as "tangent moduli" and 
separate modulus values are generally required for loading and 
unloading. Incremental elastic parameters are discussed in 


more detail in Chapter 6. 
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An extensive dissertation on elastic parameters and 


numerical modelling is given by Evgin (1981). 


A second approach to modelling inelastic features of 
Siresssstrain’ behaviourmrofutsolls ‘and. rocks ‘involves the 
development of elasto-plastic models. Two widely recognized 
models in geotechnique are the "Cam Clay Model" (Roscoe et al. 
1958) and "Lade's Model" (Lade and Duncan, 1975). These models 
use separate stress-strain parameters for elastic and plastic 
(non-recoverable) components of strain. While this is a more 
fundamental approach, it is also extremely complex to handle 


numerically and therefore will not be discussed further here. 


Other factors which often cause departure from linear 
elastic stress-strain behaviour include anisotropy and time 
dependency. Anisotropy of stress-strain parameters has not been 
Studied for oil sand to-date. Time dependency of stress-strain 
behaviour of Saline Creek oil sand is related primarily to pore 
pressure changes with time (i.e. consolidation and = gas 
exsolution). Significant creep behaviour was not observed 
during this study, even a elevated temperature compression 
Tests over durations up -to seven days. Other oi! sands 
comprised of weaker mineral solids may creep at elevated 


stresses and temperatures. 


The influence of elevated temperatures to 200°C on_ shear 
strength and stress-strain behaviour of Saline Creek oi! sand 


was evaluated in this study by conducting triaxial compression 
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tests. Vertical and horizontal stresses, pore pressure, 


vertical (axial) deformation and volume change were measured 


during triaxial compression testing to determine actual 
stress-strain behaviour and strength. Results of nineteen 
triaxial test are summarized in Table 4.5. Strength and 


stress-strain parameters for numerical modelling may be derived 
from results of triaxial compression tests discussed in the 


following sections. 
4.4.2 Stress Path Dependency 


Shear strength and stress-strain behaviour of oil sand are 
dependent upon the history of loading and unloading of triaxial 
test specimens during sampling and subsequent compression 
testing. Triaxial samples were consolidated under isotropic 
effective stresses of either 4 MPa or 8MPa in all tests prior 
TO  deviatericy Mor): further) compression) jin. this; study. 


Precompression to.a stress level equal. to or exceeding in situ 


stresses largely eliminates the influence of sampling history 


provided that the mineral grain structure of the oil sand was 


preserved. 


Six triaxial stress paths were investigated during triaxial 
compression testing. The stress paths are illustrated in 
Figure: 4.147 (iw simhexial sstress, space. with, an upper bound 
failure envelope for high quality “undisturbed" samples of 
Saline Creek oi! sand. The stress paths may be described as 


follows: 
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Stress path A is isotropic compression; results were 
discussed in section 4.2. 

Stress path B is a proportional loading stress path in 
which the hor i zontal effective stress (i.e. 
Op = Oz) is decreased while the vertical 


effective stress, 0;', is simultaneously increased by 


reducing the pore pressure. The first stress 
invariant, J1 is nearly constant along this. stress 
path. This stress path simulates stress changes 


resulting from excavation of a deep shaft or tunnel. 
Stress path C is passive triaxial compression in which 
Ties sborizentaly effective. asiress Me Gio. musG "iim as 
maintained constant at 4 MPa while effective vertical 
stress is increased. Pore pressure is maintained 
constant in drained passive compression tests. 

Stress path D is passive traixial compression in which 
the horizontal effective stress is maintained constant 
at 8 MPa ile meee ates effective stress is increased, 
similar to stress path C. 

Stress path E is undrained passive compression in which 
the horizontal ey stress is maintained constant 
while the vertical totat stress is increased. Pore 
fluid drainage is prevented in  undrained_ tests, 
therefore pore pressure is observed to increase during 
passive compression. 

Stress path F involves anistropic consolidation under 
an effective horizontal stress of 4 MPa and an 


effective vertical stress of 6 MPa (i.e. KQ=0.67). 
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The sample was then heated undrained to failure while 
monitoring vertical deformations and pore pressure. 
Pore pressure response during this test was discussed 


lin Serio Class se 


Saline Creek oi! sand was tested following stress paths A, 
Be Cond Dirvat semperagures, of 20°C, 125°C and, 200°C. Stress 
path E was investigated only at 200°C. Stress path F was also 


investigated in a single test on Saline Creek oil sand. 


The significant influence of stress path on shear strength 
of Saline Creek oi! sand is illustrated in Figure 4.14. Shear 
strength increases nonlinearly with effective confining stress. 
Deviator stress and volumetric strain are plotted against axial 
strain for each of the six stress paths in Figure 4.15. The 
influence ..of stress. path on peak deviator stress and 
stress-strain behaviour is again clearly illustrated. 
Dilatancy is more pronounced at lower effective confining 
stress (i.e. stress path B). The failure envelope plotted in 
triaxial stress space in Figure 4.14 is replotted in Figure 
4.16 as shear stress versus effective normal stress. The 
nonlinear variation of strength with effective confining stress 
has been summarized in Figure 4.16.1, a plot of the angle of 
shearing resistance versus the logarithm of effective confining 
stress. Oi! sand is a cohesionless material, i.e. oi! sand has 
zero unconfined compressive strength. There are however, 
unsaturated heating processes by which oil sand may be altered 


such that it may acquire nominal cohesive strength. Lor 
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Dusseault (1977) observed "case-hardened" talus bitumen 
in the basal scree and debris piles along outcrop 
slopes. Weathering had increased the viscosity of the 
bitumen, possibly through evaporation of volatiles and 
oxidation-polymerization of some bitumen components to 
such an extent that it behaved as a solid. Dusseault 
states "...at room temperature an inverted specimen 
displayed no movement after one year.". 

Case hardening of Athabasca bitumen due to unsaturated 
heating was demonstrated in plate viscometer tests 
described in section 3.8.2 of Chapter 3 in this 
research. 

A sample of Saline Creek oil sand which originally 
possessed no true cohesion, (i.e. it crumbled when 
pressed between the fingers), was oven heated at 150°C 
for 4 days. After cooldown, the sample was subjected 
to unconfined compression and found to have unconfined 
compressive ener of 540 kPa at room temperature, 
(j.e. unconfined shear strength of approximately 270 
kPa). -The deformation rate adopted during unconfined 
testing was 0.060 mm per minute (i.e. approximately 
0.04% per minute). A stress-strain curve for fthis 
experiment is shown in Figure 4.17. Stress is plotted 
against time in Figure 4.1/7.1. Oven drying caused 
vapourization of pore water and evaporation of volatile 
hydrocarbons, thereby increasing viscosity of the 
bitumen. This is similar to the natural case hardening 


observed by Dusseault. Cohesion derived from highly 
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viscous bitumen must be dependent upon strain rate. 


This simple experiment illustrates a process which may 


. 


bet achive it, unsaturated heating occurs. jin’ situ. 


Details and implications of this process deserve 
further attention. 

4. The University of Calgary Sedimentology Research Group 
(1981) studied oi! sand core from Cold Lake before and 


after in situ steaming. These researchers observed 


",.. the unsteamed core has high oi! saturations and is 
friable, whereas the steamed core is relatively clean 
and well indurated. The steam process, in addition to 


stripping the oil appears to have caused considerable 


cementation sof othe. core: Here again unsaturated 
heating appears to have altered the oil sand and 
provided a component of cohesive strength. Mate Bantis 


case, the researchers have attributed cementation to 


mineralogical alteration of kaolinite to smectite. 


The adove examples illustrate that unsaturated heating may 
give oi! sand a component of cohesive strength, either through 
"case hardening" of the -bitumen or due to mineralogic 
alteration. Saturated heating does not have a similar effect. 


. 


ln. either, case, dense in situ ofl sand displays frictional 


behaviour. Both stiffness and strength of oil sand increase 
with increasing effective normal stress; also dilatancy- is 


Suppressec at elevated confining stresses. 
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4.4.3 Implications of Sample Disturbance 


Microfabric disturbance can significantly reduce shear 
strength and stiffness of oil sand. Hardy and Hemstock (1963), 
Dusseault and Morgenstern (1978) and others have identified 
major causes and implications of sample disturbance. Data 
presented here is intended to quantify the influence of what 
may have previously been considered rather subtle degrees of 
disturbance on shear strength and stress-strain parameters for 
a relatively homogeneous set of oil sand samples from the 


Saline Creek outcrop. 


The influence of sample disturbance on shear strength is 
summarized in Figure 4.18. A lower bound failure envelope was 
defined for remoulded Saline Creek oi! sand. The remoulded 
failure envelope is also shown in Figure 4.19, plotted as shear 
stress versus normal stress. Despite vigorous recompaction, 
remoulded strength ig very much lower than undisturbed 
strength. It may be noted that remoulded strength (i.e. @ = 
25°) is somewhat lower than normally obtained for loose sands 
Ci.es- | typically @ = 30°). As discussed in section 5.9.2 and 
shown in Plate 3.5, remoulding of oi! rich oil sand results in 
segregated clusters (peds) of sand grains. This remoulded 
fabric is very compressible. [teisemprobaber Gihata peak 
deviatoric stress was not reached due to axial deformation 
limits of the apparatus in the test on compressible remoulded 
oi! sand (see Figure E14.2, Appendix E). Remoulded porosity 
varied from 0.39 to 0.41 while the undisturbed strength 
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FIGURE 4.18 Effect of Sample Disturbance on 
Strength of Oil Sand 
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envelope was determined for intact samples with ee 
porosities, varying from about 0.535 toes0.55% The dramatic 
influence of the "locked sand" structure is emphasized by the 
difference between these lower and upper bound = strength 
envelopes. Intermediate strengths for three slightly disturbed 
samples are also shown on Figure’ 4.18. Stress-strain curves 
for these three slighlty disturbed samples are compared with 
those of higher quality samples tested under identical 


conditions in Figures 4.20 to 4.22 inclusive. 


Figure 4.20 shows deviator stress and volumetric strain 
plotted against axial strain’ for two Saline Creek oil sand 
samples which were both subjected to passive compression 
(stress path D) with 8 MPa effective confining stress; both 
tests were conducted at room temperature (i.e. 20°C). No 
visible p'tanes of weakness were observed in either sample, 
however, initial porosities were 0.369 and 0.357 for tests TOS4 
and TOS5, respectively. Peak deviator stress in test TOS4 was 
13.4 MPa as compared with 17.9 MPa in test TOS5. Despite the 
significant difference in shear strength of these two samples, 
initial stiffness and volume change did not differ appreciably. 
The difference in shear strength is attributed to very subtle 
(possibly localized) microfabric disturbance manifest by the 


small initial porosity difference. 


Figure 4.21 is a stress-strain plot fon fwo samples 
subjected to passive compression (stress path C) with 4 MPa 


effective confining stress and at 125°C. Initial porosities 


ot eget 


big ; nt 


cant dl). a he 
he 

Ap A teces thy Rare F 
bar WS DAE 


ales a { tie itt 
Prone tte Sith 


va Lb D4’ eae vta uot. penis Code 
tH Wed Yay ghd: rene: eulgmee: veerutel) Une 


vou 


WOT habs sonia nea hes watt cts 


ba 


feaen var “geldeng ot, ee 
ts d caer) seer thea! berate 
a yng seit 4 Salenehas etal adam 
neat (atewn eH. ahh in ¥f | 
ae | sae. ae ipl, raat ada * Si och . 
ae lisa + ait ep), ‘anh M. 5%) ast. Atte peraancn ‘ Po Ae 
(owt ; ype “swt ap, ioe ane fa vaodeyet hie onl ae 
ike | serigiaht “3th ‘a i sgnedy devo by agent tite sara) v 

oe ie Ah Sighs ae ag axial jeoee ‘at wane wi tid atts | 
ay. ‘ied, a aa Vina voile ata Atoeelssin. Yas | (50 yiatageg?” 


am ee 


Rear |  iapanrterets bleatiit iateint Neat ws 


te 


sat apg A Ti pe i, 5 linge! es ‘“ / sla ia a et aiet , 
PC ale tla ie ; Li Oe a 
; | m be, “iaabagnie ue ai ‘al bat zal ioe Vaal 


SS ae a ce 

Lite ; ; ; Pi. i — Pa : ra i “448 
ah HE ee ih ah te tn eee al : 9? iat Tod. owt mint 2 rage 
: f ah iat ae ’ + , i wel a hi 
owen ; Dies, : 4 . . ; he 
4 La i an ry , , ‘ / ¥ 
1 ay uty) vie <a (hot - } Sos Te ed a a %: 

OTe cama Wn Ac alin nag : hbo 

ij ; Lh ead Mam t th bi 
« | Wie ee os | Wht nbd € AP pte 
ri peor s . , | ps) Mis 
. i i 5 & eM : i Pe 4 i at oe Te 
4 i Y ae j f ; a) Le fl 
oe) ee ww - ’ Uae 


athe: 


DEVIATOR STRESS (KPA) 


VOLUMETRIC STRAIN (%) 


eon 


INITIAL Ny = 171 


LEGEND 
TEST TOS4 SAMPLE NO,44 
TEST TOSS SAMPLE NO.17 


EFFECTIVE CONFINING STRESS = 8 MPA 
TEMPERATURE = 20 DEG C 


0.00 Uo8 1.00 10 2.00 


AXIAL STRAIN (%) 


FIGURE 4.20 Effects of Sample Disturbance on 
Stress-Strain Behaviour of Oi! Sand 
at 8 MPa Effective Confining Stress 


Page 226 


ys 
Ve be 
; 
‘ 
i 
eS 
7 
, 
As) 
i 
ah if 
Ald fe 
aa D2 
ae, 
f ~ 
Wb tne 
a 
he 
faa * Aya VE Bite : 
al ae Oh 2 ee a dont 
c ae) See NCEP MR rer NG) 7 ge 
Oa fy ey be pagenals 
t iy iN i car 
} 4 4 at cy ee fq oy, iy z 
7 . had i Dan 
e me * A 
1 r re oe fi ‘ 
a echt 
Ar e Ty | Ny 
2 ¥ 


*, 
e 
4 ‘ 
i 
a é 
a 7 b 
, - ' ' hak 
\t . ; 


1 AS Seog » wf Fink 
cat 
. 


ae ‘ ‘a : “ha tine ; 


: eu an ny ee 


a 


X104 


DEVIATOR STRESS (KPA) 


VOLUMETRIC STRAIN (2%) 


2 Px 


0.00 


-0.30 


Page 227 


INITIAL a = 1.72 


u 


INITIAL ¥‘\y= 1.68 


LEGEND 
e——e TEST TOS? SAMPLE NO.45 
o——© TEST TOSIS SAMPLE NO,19 


TEMPERATURE = 125 DEG C 
EFFECTIVE CONFINING STRESS = 4 MPA 


0.00 Deo 


FIGURE 4.21 


0.60 0.90 1.20 
AXIAL STRAIN (%) 


Effects of Sample Disturbance on 
Stress-Strain Behaviour of Oil Sand at 
4 MPa Effective Confining Stress 


> 1 


ee Ja) sidagyeiiaanmemioel shines 
Aa is ; ah ’ 
¥ "T a) 


‘ 


‘: oY uM ‘ X \ ‘ Mid ‘ 
' Boer ei ee yas 
ED SET 

i te bi ia , ;. 


a | 
ce 


tt Phe 


a ——5 
a 


—— “7 - si 
“emg a oF 
b 


ae 
fat 


1 ub 
‘ 
Viger 
yA | ME. Mf) be. o 
2 iD vay i ae. ‘ ~~ ere <i 
VaR sit Paiiice it, | tS. LP 
Perf O2ie aa ge Lb necbahe ; Pan aes priate, 2 
b whi ae i lina Ws: an) ai . | 
i f a ~ ; 5 A ; woe : ) i 


Page 228 


were 0.355 and 0.334 for test TOS7 and TOS19, respectively. 
Peak deviator stresses were 12.7 MPa and 17.1 MPa in test TOS7 
and TOS19, respectively. Again, the difference in shear 
strength of these two samples is attributed to rather subtle 
differing degrees of initial sample disturbance. The test TOS7 
sample was also considerably more deformable (i.e. lower 
initial stiffness and greater volumetric compression) than the 


TOS19 sample, despite identical testing procedures. 


Stress-strain behaviour in test TOS1 was altered because of 
horizontal point loading of the sample by the lateral strain 
gauge clamp. As previously discussed, this device is not 
considered to be suitable for oil sand. Figure 4.22 shows 
stress-strain plots for tests TOS! and T0$2: initial porosities 
of these two samples were 0.334 and 0.340. Test conditions 
were identical for both samples: passive compression stress 
path C ae followed with room temperature conditions (20°C), 
except that lateral deformation’ was constrained in one 
direction by the presence of a lateral strain gauge clamp in 
test TOS1. The lateral restraint resulted in the development 
of tensile stresses in a plane orthogonal to the plane of the 
strain gauge clamp (i.e. similar. to boundary conditions in the 
Brazilian tensile strength test). The dramatic influence of 
this form of test-induced sample disturbance on both shear 
strength and stress-strain behaviour is clearly illustrated in 


Figure 4.22. 
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4.4.4 Influence of Elevated Temperatures 


The influence of elevated temperatures on shear strength 
and stress-strain behaviour was studied by testing similar high 
quality undisturbed samples of Saline Creek oil sand at 
temperatures of 20°C, 125°C and 200°C. Figure: 4.25) isi. 
summary plot of effective stresses at failure for these tests. 
Failure envelopes are shown at 20°C and 200°C. It is evident 
that temperatures up to 200°C have little practical effect on 
shear strength. In fact, as illustrated in section 4.4.3, very 
subtle microfabric disturbance may account for greater scatter 
of test results than that shown in Figure 4.23. Operative pore 
pressure (including pore pressure increase and rate of 
dissipation) during heating is of far greater practical 
importance in determining available shear strength. 
Nevertheless, several interesting observations related to this 
influence “et temperature on strength and_= stress-strain 


behaviour may be drawn from these test results. 


Figure 4.24 is a plot of stress-strain curves comparing 
three triaxial compression tests following stress path B (i-e. 
Jt constant) at temperatures of 20°C, 125°C and 200°C. 
Initial stiffness and strength are greater for the 125°C test 
than the 20°C test and intermediate at 200°C. Di latant 
volumetric strain was observed prior to shear failure in all 
three tests, however dilatancy was maximum at 125°C and of 
intermediate magnitude at 200°C. Figure 4.25 is a stress- 


strain plot of (three: tests following stress: iparh.C. i.e. 
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passive compression at 4 MPa effective confining stress). 
Again, the 125°C test resulted in greater initial stiffness, 
dilatancy and shear strength than the 20°C test. Shear 
strength (i.e peak deviator stress) was least at 200°C, however 
initial stiffness of the 200°C sample was slightly greater than 
the 20°C sample. Figure 4.26 is a stress-strain plot comparing 
two triaxial compression tests following stress path D (i.e 
passive compression at 8 MPa effective confining stress) at 
temperatures of 20°C and 200°C. Stress-strain behaviour is 
very similar in both tests. Initial stiffness of the 200°C 
sample is slightly greater than that of the 20°C sample. 
Interestingly, dilatant volumetric strain was observed prior to 
shear failure in both tests, despite the relatively large 


magnitude of effective confining stress. 


Observed changes of stress-strain behaviour with 
temoerature shown in Figures 4.24 to 4.26 are undoubtedly due 
in part, to material heterogeneities. Nevertheless several 
observed effects of elevated temperatures on stress-strain 
behaviour are consistent with pore volume changes observed 


during drained thermal expansion testing: 


a) Figure 4.27 is a summary plot of the logarithm of 
initial tangent modulus versus the logarithm. of 
effective confining stress. Figure 4.27 illustrates 
that then vinitial.  Stifttiness increases sics ltvohi ly: eat, 
elevated temperatures; also stiffness is greater at 


125°C. thameat 200. C. 
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b) Volumetric compression during deviatoric loading is 
suppressed slightly at elevated temperatures. 

c) Dilatant volume change (below the peak deviator stress) 
is increased at elevated temperatures; dilatancy is 


greater at 125°C than at 200°C. 
4.4.5 Stress-Strain Behaviour of Cold Lake Oi! Sand 


A single sample of oil sand from the Clearwater Formation 
at Cold Lake was tested in triaxial compression for general 
comparison with Saline Creek oil sand. The test was performed 
aie CONG: three cycles of isotropic compression to 17 MPa 
(j.e. stress path A) were followed by passive triaxial 
compression along stress path C at 4 MPa effective confining 
stress. Stress-strain behaviour of the Cold Lake oil sand is 
compared with that of Saline Creek oi! sand under identical 
test Mer ditions in Figure 4.28. Stiffness and shear strength 
of the Cold Lake oil sand sample are much lower than stiffness 
and shear strength of the Saline Creek oil sand sample. The 
initial porosity of the Cold Lake sample was 0.383 while that 
of the Saline Creek sample was 0.341. Although the higher 
porosity of the Cold Lake sample is due in part to sample 


disturbance, average in situ porosity may in fact be higher in 


the Clearwater Formation at Cold lake. For example, Mainland 


(1983) reported that average in situ porosity of Clearwater 


Formation oil sand on Esso Resources Canada Limited leases at 
Cold Lake was 0.35. This suggests that the Clearwater 


Formation oi! sands of Cold Lake may be more deformable in situ 
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than the McMurray Formation oil sands of the Athabasca region, 
in part, because of the higher natural porosity. Also, 
scanning electron microscope and x-ray diffraction analyses 
revealed that the Cold Lake material included a substantial 
portion (i.e. approximately 50%) of weaker minerals such as 
feldspar and siliceous volcanic particles along with quartz. 
Imperial Oil Limited (1978) published similar mineral 
compostion data in an application to the Energy Resources 
Conservation Board of Alberta for the Cold Lake Project. The 
presence of these weaker minerals also probably contributed to 
the lower shearing resistance observed in this test relative to 


that of the primarily quartzose Saline Creek oi! sand. 


Permeability 


4.5.1 Permeability Parameters 


Several proposed in situ extraction processes for oil sands 


involve hydraulic fracturing by injecting pressurized water at 
ambient temperatures (i.e. generally less than 20°C) to enhance 
fluid flow between injection and production wells. Subsequent 


heating by injection of condensed steam and/or by in situ 


combustion is intended to decrease viscosity of bitumen 
allowing recovery by pumping or gravity drainage. Some 
enhanced recovery schemes take advantage of a bottom layer of 
"water-bearing", oil free sand to establish haere 
communication (eg. Huygen and Lowry, 1983) and a number of 
other variations have been employed depending upon local 


geologic conditions. 
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Permeability properties of oil sand over a wide range of 
temperatures (j.e. approximately 5°C to 250°C or more) and 
fluid saturations have a bearing on both reservoir production 


and in situ pore pressure response. 


The term "permeability" is associated with the ability of a 
porous medium to conduct fluids. By analogy with electrical 
conductors, permeability represents the reciprocal of the 
resistance of the porous medium to fluid flow. Darcy (1856) 
established a relationship between average flow velocity and 
pressure gradient for water flow vertically downward through 
sand filters. Darcy's Law as commonly used in geotechnical 


engineering may be expressed by the following equation: 


Vie -kKpi CAR Ta) 


where: v | denotes average flow velocity 
i denotes the hydraulic pressure gradient in the 
direction of flow; and 
Kp is a constant of proportionality referred to as 


"hydraulic conductivity". 


Darcy's Law as stated in equation 4.17 is only strictly 
valid for pure water under standard conditions of temperature 
and pressure, i.e. 60°F (15.6°C) and atmospheric pressure 
(101.3 kPa). Also, Darcy' Law is valid only for conditions of 
laminar flow, i.e. at very high pressure gradients flow 


becomes turbulent and average flow velocity is no longer a 
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linear function of pressure gradient. Despite these 
limitations Darcy's Law, in the form presented in equation 
4.17, has been widely applied in geotechnical engineering and 


hydrogeology. 


Later investigators (eg. Wyckoff and Botset, 1936) found 
that Darcy's Law could be restated in more fundamental terms to 
include both liquid and gaseous viscous fluids other than 
water, and for temperatures and pressures other than standard 
conditions. Laminar, one dimensional fluid flow through porous 


media may be described as follows: 


Ep. ae 
VES yb Os (41:3) 
where: k denotes absolute permeability of the porous medium. 
uw, denotes dynamic viscosity of the fluid phase. 
@® is a potential function (i.e. ® = P + pgz); and 


s denotes distance in the direction of the flow. 


The form of Darcy's Law described by equation 4.18 provides 
a useful conceptual framework for fluid flow in petroleum 
reservoirs where a range of pore fluid types, pressure and 


temperature conditions are commonly encountered. 


Table 4.6 compares equivalent values of hydraulic 
conductivity and water permeability for room temperature water 
flow. Note that water permeability values refer either to 


effective or absolute permeability; also the reader is 


ee 


en desi’ ‘eile 
i hy i th i 
fe fea mie 


Nes i A ie 


ip eis” hashed Gp : 
a ati {st normal an - 
elite hatte eit 
Se baits “i z 


ert 4 noir ‘wort ie’ 
1 ye eatin Ding” 


one Dar fy i ie 
Pape 1 a 
a a Meh poe 
4 LW ' ray i? 5 


Page 242 


TABLE 4.6 


Comparison of Common Units of 
Hydraulic Conductivity and Water Permeability 
at 22°C assuming pw, = 1 cp = 1 mPa.s 


Hydraulic * EFFECTIVE PERMEABILITY TO WATER 


Conductivit k 


1 10-9 
1071 | Kee 
10-2 fom 
10-3 19-12 
1074 fog? 
10-3 } i097 14 
10-6 unt? 
1077 10716 
1078 19717 

RY 
* Hydraulic Conductivity: kp, = —— 


At Room Temperature: 1 Darcy = 1073cm/s 


Note: Hydraulic Conductivity values are approximate 
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cautioned that these are not “hard conversions" j.e. values are 


approximate only. 


The pore space of oi! sand is generally occupied by two or 
three immiscible fluid phases including bitumen, water and/or 
gas. Where more than one fluid type is present and the fluids 
are immiscible, the concept of effective permeability is 
useful. In the definition of effective permeability each fluid 
phase is considered to be completely independent of other 
fluids in the pore network. Darcy's Law can be restated 


separately for one dimensional flow of each fluid phase as 


fol lows: KS I 
V PSS —— 
fe) K ds 
(e) 
k 
W H ds 
k 
ech gies 
g K ds 
g 
The subscripts 0o,w, and g denote oil, water and = gas, 


respectively. 


The effective permeability is a relative measure of the 


conductance of the porous medium for one fluid phase when the 


medium is saturated with more than one fluid. Effective 


permeability then is a function of the prevailing fluid 
saturations. Experimental evidence has established that 


effective permeability is also a function of the "rock-wetting" 


characteristics (Amyx, Bass and Whiting, 1960), i.e. the 
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distribution of the various fluid phases in the porous medium. 
For example, when the solid mineral grains are preferentially 
water-wet, as is the case in some Alberta oil sands, the water 
phase loses its mobility at a higher value of water saturation 
than when the mineral grains are preferentially oil-wet. 
Conversely, in a water-wet oi! sand medium the effective 
permeability to oil, k,, is greater over a range of water 
saturation, than if the medium were oil-wet. Effective 
permeability then must be specified as a function of fluid 
saturations and in the context of "rock-wett ing" 


characteristics. 


Effective permeabilty data is often transformed into a 
dimensionless form referred to as relative permeability. 
Relative permeability is defined as the ratio of effective 
permeability of a fluid at a given saturation level to the 
effective permeability at 100 percent saturation. It is often 
assumed that the effective permeabilty is the same for all] 


fluids at 100 percent saturation, this value being the absolute 


permeabilty of the medium. Relative permeability may be 
expressed symbolically as: 
‘seal 
ro K 
k 
eo Wee ak (A520) 
rw k 
kK 
ie 
rg kK 


which are relative permeabilities to oil, water and gas, 


respectively. 
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Important factors which affect relative permeability and 
effective permeabilty are: prevailing fluid saturations (S, 
w? Sg) "rock-wettability", pore geometry properties (i.e. 
rugosity, tortuosity) and saturation history; also effective 


S 


stress level, temperature, clay mineralogy and physico-chemical 
interaction of the mineral grains and pore fluids influence 
absolute permeability. The presence of small amounts of clay 
minerals in oil sand is believed to be an important factor in 
interpreting permeability test results. Clay minerals which 
are present in undisturbed core samples are removed along with 
bitumen and water during solvent extraction processes (i.e. 
during soxhlet refluxing with toluene or benzene). Samp les 
reconstituted using solvent extracted sand are therefore not 


entirely representative of in situ grain size distribution or 


absolute permeabilty. Mobility of clay minerals during hot 
water flooding may also influence pressure gradients and 


ultimate oi] recovery. — 


Substantial research effort is on-going in a number of 
disciplines (eg- notably petroleum engineering, geotechnical 
engineering and chemical engineering) to evaluate the influence 
of these various factors on permeability properties of oil 
sand. A major contribution can be made by geotechnical 
engineering research in obtaining and testing high quatity 


undisturbed core samples. 


Results of a series of permeability experiments on both 
undisturbed and remoulded Saline Creek oi! sand samples are 


presented in the following sections. 
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4.5.2 Absolute Permeability 


Absolute permeability was determined for both a remoulded 
and an undisturbed sample of oil-free oi! sand. An oil-free 
sample of McMurray Formation oi! sand from the High Hill River 
near Fort McMurray was recompacted in the consolidometer test 
cell to a dry density of 1.67 Mg/m> (i.e. porosity of 0.37), 
then confined with a vertical effective confining stress of 3 
MPa. Permeability of this sample to water measured at room 
hemperature (20°C) " Wacummse 0. oe J0q'oms-| ives -cthis i is 
equivalent to a®-valuesj of © thydraulic conductivity of 
approximately _3.0 x 107cm/s. Detailed results of test 


CPERM3 are presented in Appendix D. 


A second sample of undisturbed (frozen), oil-rich sand from 
Saline Creek was confined in the consolidometer under 2 MPa 
effective vertical confining stress. All of the bitumen was 
then removed from the sample by cyclic soaking and flushing 
with benzene over a ten day period. The initial porosity of 
the flushed sample was 0.35. Residual benzene was removed from 
the sample by flushing the oil-free sample with acetone and 
finally water. Absolute permeability to water was measured at 
room temperature (22°C) over a range of effective confining 
stresses from 2 MPa to 18 MPa. After the effective stress was 
cycled. back To 2 "MPa, ire sample was heated to 150°C and 
permeability to water was again measured over a range of 
stresses from 2 MPa to 18 MPa. Results of this test are 


summarized in Figure 4.29. Measured permeability to water 


¢ 


tlie nee hee ohed rk ee 


eae tm {et al Fail o) 


, aa (romana a: Sag ee: ae 
ad ‘ nee 

; serie ‘Sls polaege AD iad 

ie.) i acteg, atta nt 


eee ¥ ae 4 Aw f 
Ais. wei? a 
Re : ; Peed 
A 
a ah i 
bi 
a fr 
i? 
4 
DOES ge A ee 


i aes en ier ‘ah “pana tt cet it a} 
an rr ri nglis oii ‘ooh bay ne 


ye 


‘ na ne 
mo Pie bal ae my 
‘ i) pew’ Bia N 


; iis ney ) aan ae « 


‘aot ‘brine lated tea 
i) wy. ‘gi ee 


an wh ye 


Pi 


they ' nc i Ny La eu pastas oy ne rr eel ; i 
Bom 1 ee, ‘ me: fo) ot nian if LN ; a 
oF i i hi wh i h ata 7 


io same 8 oars Can ey veil 

ing te oe, “At ‘oe Kec et a, c. cae hood ere 
| fege er natey, ptt “tt itdssmsg” 

tee Aiih cs Ba ie a he of ¢ wort ‘bexeerta : 


oP at ‘ign Cea 5, BRAaweM uate wre at ‘best naamue. ie 


‘Re og fi 2 Ae nave, we 


ce i 4 bs od - 
he ; 2 ‘i ‘i i il) vi, 
y c - ‘ 
{ ; i iL 
i : 
‘ al EVA fl 7 A 
{ pat 5 y : 
‘ BE a oa 1) 7 (ost iy, a i 
a : } Pay 
; wt hs ie Es 
‘ y\ a 7 
i i 1 H ‘ ) 1 - 
ie i 
cae LPL : a Me ene f DY 
- f Z Lee i 
» { 1 ' j ow a ‘ 
Vs ’ ¢ meee 2 
MEd ia i Piel 


EFFECTIVE PERMEABILITY TO WATER (m**2) 


10-12 


Saline Creek Sample No. 44 (O11 Extracted 
Initial Porosity = 35 % 


LEGEND 
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eo—e 150 Deg C Test 


G 8 a 16 
VERTICAL EFFECTIVE CONFINING STRESS (Pa) 


FIGURE 4.29 Absolute Permeability of Oil Sand with 
Confining Stress and Temperature 
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ranged from 4.2 x 107!2m2 +o 1.6 x 19712m? (4200 to 
1600 millidarcys) over the range of applied stresses and 
temperatures. Figure 4.29 indicates a trend of slight decrease 
in water permeability with effective confining stress and 
further small reduction after heating to 150°C and cycling the 


effective compressive stress between 2 MPa and 18 MPa. 


If must be recognized, however, that experimental error 
(due to precision of monitoring devices) is approximately 
40.4 x 10712m4 (+400 millidarcys) in each of these 
permeability measurements. For practical purposes there is no 
appreciable influence of elevated temperature on absolute 
permeability and only a very small decrease in absolute 
permeability with effective stress cycling. These observations 
are consistent with the very small pore volume changes observed 


during drained heating and compression tests. 


4.5.5 Permeability Changes with Temperature and Bitumen 
Saturation 


A series of permeability experiments were performed on oil 
rich Saline Creek oi! sand samples at temperatures from 20°C to 
250°C. Effective vertical confining stress was maintained at 3 
MPa in each of these tests. The dynamic viscosity of Saline 
Creek bitumen is approximately 300,000 mPa.s at 20°C (i.e. 1 
mPa-s = 1 cp); it ‘was determined that the -bitumen . was 
essentially immobile in room temperature permeability 


experiments. Initial bitumen (oil) saturation of the samples 
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tested varied from 81-88 percent of the sample pore volume. 
Room temperature effective permeability to water of these 
samples was approximately 1.0 x 10714 m2 (i.e. 10 


millidarcys) on average. 


At elevated temperatures of 100°C, 150°C, 200°C and 250°C, 
the bitumen viscosity decreased and bitumen was flushed out of 
the sample pore space during circulation of heated water. By 
measuring pressure drop across the sample and the combined flow 
rate of the water and bitumen a combined value of fluid 
mobility, k/ , for bitumen and water can be determined using 
equation 4.18 (Darcy's Law) as the experiment proceeds. Fluid 
mobility determined in this manner, is plotted against flow 
volume in Figure 4.30 for permeability tests on undisturbed 
Saline Creek oi! sand samples at temperatures up to 250°C. The 
bitumen and water content were determined before and after each 
test. As shown in Figure 4.30 the logarithm of fluid mobility 
increases as heated water flows through the sample reducing the 
oil (bitumen) saturation. Bitumen saturation (S,) was 
reduced from 81% to 73% at 100°C in test CPERM4. Bitumen 
saturation decreased from 88% to a residual saturation of 52% 
during the 150°C experiment , test CPERM6. Eleven pore volumes 
of 150°C water were injected into the sample during test 
CPERM8, however the fluid mobility did not increase after about 
4.8 pore volumes of flow. None of the other elevated 
temperature flow tests were continued to a similar fluid 
mobility "plateau". It is believed that the fluid mobility 


remained constant beyond 4.8 pore volumes of flow since little 
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FIGURE 4.50 Fluid Mobility Variation in Saline 
Creek Oil Sand During Hot Water 
Flooding Experiments at Elevated 
Temperatures 
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or no more bitumen was being flushed out of the sample. 
Bitumen saturation decreased from 86% to 51% after 6.9 pore 
volumes of flow at 200°C in test CPERM5. Approximately 53% of 
the original bitumen was flushed out of a sample at 250°C 
during test CPERM6 reducing the bitumen saturation from 81% to 
38% after 10.1 pore volumes of flow. Following each elevated 
temperature flow experiment the sample was cooled down to room 
temperature and effective permeability to water was measured at 


the residual bitumen saturation. 


Fluid mobility values shown in Figure 4.30 corresponding to 
end point bitumen saturations have been plotted against 
temperature in Figure 4.31. Fluid mobility at constant oil 
saturation increases with temperature (i.e. the log of mobility 
increases in a quasi-linear manner with temperature). An upper 
Limit of fluid mobility is shown in Figure 4.31 ‘for zero oil 
saturation. This was determined assuming constant absolute 
permeability of 2 x 10712m2 and published values of 
dynamic viscosity for water. A linear relationship has been 
assumed between logarithm of fluid mobility and temperature in 
Figure 4.30 where only two end point oi! saturations were 


determined. 


A single value of effective permeability to oil, ko, and 
effective permeability to water, k,, were determined for each 
of the experiments described in Figure 4.30. Effective 
permeabilities to oil and water were determined based on the 


volume of oi! flushed from the sample during the experiment, 
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FIGURE 4.31 Variation of Fluid Mobility with 
Temperature and Oi! Saturation 
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the remainder of the flow volume being water and on an average 
value of the pressure differential across the sample during the 
experiment. Effective permeabilities to oi! and to water are 
plotted against water satuation (Sy) in Figure 4.32. The 
effective permeability to water at room temperature increases 
with water saturation (j.e. decreasing oi! saturation). 
Effective permeability to oi! decreases with increasing water 
saturation in Figure 4.32. Effective permeabilities to oil, 


K shown in Figure 4.31 were determined at elevated 


oO? 
temperatures varying from 100°C to 250°C; k, points have been 
connected on this plot by a dashed line to indicate the trend. 
In fact, effective permeability to oi! would be expected to 
vary with temperature as well as water saturation. Fluid 


mobilities and effective permeabilities for all experiments are 


summarized in Table 4.7. 


Relative permeabilities of undisturbed Saline Creek oi! 
sand To oll sand@” Waten <k-5 yand sk...) jwere | defermined 
based on effective permeability values presented in Figure 4.32 
and assuming a constant value of absolute permeability of 
2% 10712me Che. 2000 millidarcys). Relative permea- 
bilities to oi| and water are plotted against water saturation 
in Figure 4.33. Relative permeability to water increases while 
realtive permeability to oi! decreases with water saturation. 
Again, values of relative permeability to oil at various 
tempertures have been connected with a dashed line to indicate 
trend. Relative permeability to oi! is expected to vary with 


both temperature and water saturation. 
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FIGURE 4.32 Variation of Effective Permeabil ities 
to Oil and Water with Water Saturation 
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4.5.4 Implications of Sample Disturbance 
Laboratory permeability testing of oi! sands and 
unconsolidated sands from heavy oi! deposits is commonly 


performed with "packed sand cores" (Maini and Sayegh, 1983) or 
remoulded reservoir materials. Pore fluids (i.e. oil and 
water) are introduced into packed sand core samples under 


pressure and elevated temperature. 


Remoulded oi! sand samples are generally back saturated 
with water for permeability testing. Factors which may affect 
test results using remoulded and repacked samples include the 


fol lowing. 


1. In situ porosity and mineral grain structure cannot be 


duplicated in packed or remoulded samples. 


2. Clay minerals present in situ are not retained in packed 


core samples or solvent extracted sands. 
3. Oil saturation is decreased and water saturation is 
increased in remoulded or disturbed oil sand samples 


when water is introduced into the expanded pore volume. 


Permeability tests CPERM3 and CPERM9 were performed on 
remoulded oil sand samples in an effort to quantify the 


influence of sample disturbance. 


Absolute permeabilty to water of a remoulded sample of 


oil-free McMurray Formation sand was determined in test CPERM3 
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at room temperature. Results of CPERM3 are compared with those 
for undisturbed solvent extracted Saline Creek oi! sand of test 
CPERM7 “in Table 4.7. Although initial porosities of the 
remoulded and undisturbed oil free samples are 0.37 and 0.35, 
respectively, there is no appreciable difference in measured 


values of absolute permeability to water. 


Clay and silt particles were observed in all of the 
oil-rich samples used for permeability tests. Also, clay 
minerals were observed in some samples during the scanning 
electron microscope study when some of the bitumen coating was 
removed. However, it was observed that clay and silt fines 
were removed from oil sand samples during solvent extraction. 
Measurements of absolute permeability on both remoulded and 
undisturbed samples which were solvent extracted with toluene 
or benzene may in fact be in error because of the removal of 
fines. The magnitude of this possible source of error is 
unknown. Fluid mobility values predicted assuming a constant 
value of absolute permeability, k = 3.0 x 10712m2 and 
adopting typical published values of dynmaic viscosity for 
bitumen and water are summarized in Table 4.8. These values of 
fluid mobility are compared with actual permeability test 
results on plots in Appendix C. Predicted values consistently 
overestimate fluid mobility during the initial stages of water 
circulation in elevated temperature experiments. This may be 
due to the presence of fines (clay and silt particles) in 
oil-rich samples that are not present in solvent extracted 


samples, or to different values of bitumen viscosity than those 


assumed. 
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Effective Confining Stress = 3 MPa 
Initial Porosity = 35 % 


LEGEND 
22 Deg C 
100 Deg C 
150 Deg C 
200 Deg C 
250 Deg C 


0 20 UO - t&b0 80 ~ 100 
WATER SATURATION (%) 


FIGURE 4.33 Variation of Relative Permeabilities to 
Oil and Water with Water Saturation 
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|\dentical test procedures were followed in tests CPERM8 and 
CPERM9 on undisturbed and remoulded samples of Saline Creek oi! 
sand. Initial sample porosities were respectively 0.35 and 
0.38 for the undisturbed and remoulded samples. Also, the 
initial undisturbed oi! (bitumen) saturation was 88% whereas 
that of the remoulded sample was 80%. Room temperature 
effective permeability to water was measured in Jaen of the 
tests, then samples were heated to 150°C and heated, 150°C 
water was circulated. The residual oil saturation in both 
Fests) was. 522. Finally, room temperature’ effective 
permeability to water was determined at the residual! oi! 


saturation following cooldown of the samples. 


Results of CPERM8 and CPERM9 are compared in Table 4.7. 
Effective permeability to water was slightly higher for the 
remoulded sample both at initial and residual oi! saturations. 
This Hie rerence is attributed to differing porosities of the 
two samples, however, it is nor “consideged to ‘be’ ‘of’ much 
practical significance. Combined fluid mobility for bitumen 
and water versus flow volume at 150°C is compared for the two 
tests in Figure 4.34. Fluid mobility is greater for the 
remoulded sample than for the undisturbed sample throughout the 
test. Also, fluid mobility for the remoulded sample increased 
more rapidly than for the undisturbed sample indicating that 
bitumen was probably flushed more rapidly during the initial 
flow phase. The effect of remoulding Saline Creek oil! sand 
resulted in over estimation of the fluid mobility and effective 


permeabilities by less than half an order of magnitude relative 
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LO 
8 Effective Confining Stress = 3 MPa 
7 Temperature = 150 Deg C 
4 So denotes O11 Saturation(’) 
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FIGURE 4.34 Influence of Sample Disturbance on 
Fluid Mobility in Saline Creek Oil Sand 


aig Bl) os Oi 


vey 


: } 


i 


ein le ; a 
ay f 


‘ 
‘ 


ea nr 
an its 
a) ! 
ee n 
r v 


Page 262 


to comparable values for an undisturbed sample. This indicates 
that although tests on remoulded samples commonly used in 
industry may result in overestimation of permeability 
parameters, the magnitude of error is not excessive in view of 


other complexities in modelling multiphase f.luid flow. 
4.5.5 Comparison with Published Permeability Data 


Field and laboratory measurements of permeability 
parameters published in the literaure for Alberta oi! sands 
vary considerably and in general, refer to isothermal 


conditions (j.e. either room temperature = or in situ 


temperature). A summary of some of the published permeability 
data is presented in Table 4.9. References in Table 4.9 are 
listed in chronological order. Several published values of air 
permeability are listed in Table 4.9. Laboratory measurements 
of ‘air penmean uaa have been made to evaluate potential air 


injectivity requirements to support in situ combustion. \t 


should be noted that effective permeability of oil sand to air 
is strongly dependent upon water and bitumen saturation. 
Direct comparisons between air and water permeabilities are 
therefore not meaningful. Hydraulic conductivity determined 


from regional in situ drawdown (pump) tests by Hackbarth and 


Nastasa (1969) for McMurray Formation oil sand in the Athabasca 
region agrees well with laboratory measurements of effective 
permability of undisturbed oil-rich Saline Creek oil sand to 
water at room temperature. The average value of hydraulic 


conductivity reported by Hackbar th and Nastasa was 
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107 cm/s. This is equivalent to a value of 107'4mé 
(j.e. 10 millidarcys) effective permeability to water, which 
was about the average value obtained for oil-rich Saline Creek 
samples. The average value of absolute permeability of 
1.5 x 107!2m2 (1500 mD) published by Mainland (1983) for 
Clearwater Formation oi! sand at the Esso Resources Canada 
Limited Cold Lake lease is at the lower limit of absolute 
permeability measurements in laboratory experiments on Saline 
Creek oil sand which 'ranged from 1.6 - 4.2 x 107122 


(1600-4200 mD). 


Although substantial data has been published on the effects 
of temperature on dynamic viscosity of bitumen extracted from 
oil sands, no direct permeability measurements at elevated 
temperatures have yet been published to the writer's 


knowledge. 


Gobran (1981) deals with the effects of temperature and 
effective confining stress on absolute permeability of repacked 
Ottawa sand. He concluded that temperature has no measurable 
effect on absolute permeability of Ottawa sand packs while 
increasing effective confining stress does reduce absolute 
permeability. Interestingly, absolute permeabilities reported 
by Gobran for Ottawa sand (100-200 mesh) over a wide range of 
temperatures and effective stresses were between about 2000 and 
4000" i WECan CYS tc2y rea xX 10712m2), These measurements 
for Ottawa sand compare very closely with those reported for 


oil-free Saline Creek oi! sand which typically has a slighIty 
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finer, though equally uniform grain size distribution (for 


example, see Appendix F). 
4.6 Coefficient of Consolidation 


One dimensional consolidation of soils resulting from a change 
in total stress or pore pressure is characterized by the following 


differential equation (Terzaghi, 1942): 


dt “wv doze (4.21) 


Equation 4.21 relates the spatial distribution of pore pressure 
with the time rate of pore pressure response (i.e. dissipiation or 
increase). - The coefficient of *consolidation, ‘c,, is.defined as a 
ratio of hydraulic diffusivity to compressibility of the soi! 


skeleton as written in equation 4.22. 


h 
Cait (4322) 


As discussed in section 4.5, hydraulic conductivity, kp, is 
not a convenient parameter for describing the flow of fluids other 
than water at standard temperature and pressure, through porous 
media. A more convenient definition of the coefficient of 


consolidation for oi! sand is given in equation 4.23. 
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(4.23) 


The fluid mobility k/p, in equation 4.23 is the ratio of 
absolute permeability to dynamic viscosity. A combined value of 
fluid mobility for bitumen and water has been determined 
experimentally for oi! sand. Mobility varies with both temperature 


and fluid saturations as discussed in section 4.5. 


Pore pressure response to rapid (undrained) heating in situ and 
subsequent dissipation of thermally generated excess pore pressure 
is an example of heat consolidation. The definition of coefficient 
of consolidation given in equation 4.23 may be used in equation 4.21 


for numerical evaluation of one dimensional heat consolidation. 


The variation of fluid mobility with temperature and bitumen 
saturation shown in Figure 4.30 was used to evaluate coefficient of 
consolidation for oil sand over the corresponding range of 
temperatures (20°-250°C) and fluid saturations. A constant value of 
one dimensional volume compressibility (i.e. m= 5 xX 105% 
kPa!) was used. As discussed in section 4.2.2, m, for dense 
oil sand does not vary significantly for unloading-reloading with 
temperature. The inverse of m, is commonly termed. "the 
constrained modulus", D, and may also be determined in triaxial K, 
consolidation tests, in which lateral deformations are restrained by 


increasing the confining stress as axial loading proceeds. 
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So denotes Oil Saturation (%) 
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Variation of the coefficient of consolidation for Saline Creek oi| 


sand with temperature and oil saturation is shown on Figure 4.35. 


4.7 Summary 


Geotechnical properties for undisturbed oil sand have been 
described for a range of temperatures, pressures and stresses. 
Geotechnical properties summarized and discussed in this chapter 
include thermal expansion and compressibility, shear strength and 


stress-strain behaviour, and permeability. 


For each type of test, parameters required for numerical 
modelling have been described, the experimental results summarized 
and discussed, and the implications of sample disturbance have been 
evaluated. Highlights of the experimental research may _ be 


summarized as follows: 


1. Test results from this experimental programme are unique. A 
suite of geotechnical properties was determined for high 
quality, “undisturbed" oi! sand samples. Samples tested 
were sufficiently uniform and similar to permit quantitative 
comparison. Geotechnical properties of oi! sand at elevated 
temperatures and pressure have not previously been measured. 
Furthermore, testing equipment was developed specifically 
for this research. Test procedures were developed during 
the course of the research since standardized procedures had 


not previously been established. The experimental results 
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provide insight into geotechnical behaviour of oil sand 


in situ. 


Properties of quartzose sand grains and the densely packed 
solid skeleton of oil sand are not altered dramatically by 
elevated temperatures up to 300°C. Subtle changes in 
compressibility, shear strength, stress-strain behaviour and 
absolute permeability, which were detected are attributed to 
pore volume changes observed during heating and/or drained 
compression. 

Physical properties of the pore fluids (water, bitumen and 
dissolved gases) in oi! sand are subject to significant 
changes at elevated temperatures and pressures. Significant 
pore pressure increase and volumetric expansion result when 
the rate of heating or pressure injection is rapid relative 
to the rate of pore pressure dissipation (i.e. hydraulic 
diffusion). 

Dynamic viscosity of the bitumen and pore water decrease 
with temperature resulting in increased mobility at elevated 
temperatures. Also, since the dynamic viscosity of bitumen 
is greater than that of water at all temperatures up to 
300°C, the combined fluid mobility increases when bitumen is 
displaced from the oi! sand pore space by water. The 
presence of fines, i.e. clay particles, in oil sand is 
known to reduce both absolute permeability and fluid 
mobility. It has been observed that some clay particles are 
removed during solvent extraction and may, in fact, be 


mobile during hot water flooding. 
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5. Although strength and compressibility of the solid skeleton 
are not substantially altered at elevated temperatures, 
significant reduction of available shear strength will 
result during heating if effective confining stresses are 
reduced by an increase in pore pressure (i.e. partially 
drained or undrained heating). The following simplified 
example will help to quantify the influence of pore 
pressures on available shear strength. [hap arr tala tt hiy: 
undrained heating were to generate a pore pressure increase 
of 700 kPa (i.e. 100 psi) in an oil sand deposit buried at 
typical depths ranging from about 200-400 m, the available 
shear strength would also be reduced by approximately 700 
kPa which represents between about 12 and 25 percent of the 
total available shearing resistance (for cohesiontess oil 
sand with @ = 45°). Greater percentage reduction of shear 
strength would result at shallower depths (i.e. lower 
confining stresses). Stress-strain moduli are also strongly 
dependent upon eaecnive confining stress. The implications 
of drained and undrained heating will be discussed further 


in following chapters. 
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5.0 HEAT CONSOLIDATION 
5el The Heat Consolidation Process 


Consolidation of porous soils and rocks, according to the 
classical theories, is a time dependent process of concurrent pore 
pressure change and volumetric deformation (i.e. compression or 
swelling) in response to a change in effective stress. Provided 
that the solid skeleton is immobile, volume change and pore pressure 
dissipation (or increase) are coupled through a fluid transport law, 


j.e. usually Darcy's Law. 


Heat consolidation is an analogous process. Liquid and gaseous 
pore fluids and mineral solid constituents of soils and rocks 
typically expand when heated over a wide range of temperatures (i.e. 
approximately 0 - 500°C for oi! sand). Undrained thermal expansion 
of constituent fluids and solids generates volumetric expansion and, 
provided that the effective stress is greater than zero, pore 
pressure increases. It should be noted that thermal expansion is 
not monotonic at all temperatures. For example, Alpha quartz 
crystals are physically altered at temperatures’ exceeding 
approximately 573°C and in fact, decrease in volume at temperatures 
above this "Alpha-Beta" transition temperature as shown in Figure 
A-4, Appendix A. Also pore water freezes at temperatures below 0°C 
causing volumetric expansion associated with phase change. Frost 
heave and thaw consolidation theories have been developed to 
describe "thermal consolidation" processes associated with freezing 
and thawing of pore fluids. The term "thermal consolidation" may be 


used to describe consolidation processes over the entire range of 
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temperatures, whereas "heat consolidation" is favoured ~ for 
describing the response of soils and rocks to heating (or cooling) 


at elevated temperatures above the freezing point. 


Heat consolidation includes the following concommittant 


processes: 


(a) Thermal expansion and thermal pore pressure generation 
occur in response to temperature increase, and are 


dependent on the current effective confining stresses. 


(b) Time-dependent dissipation of excess pore pressure is 
governed by the coefficient of consolidation which is also 


temperature dependent. 


(c) Thesolid skeleton is compressed during dissipation of 
excess pore pressure and ultimately must carry the same 
effective stresses which existed prior to heating. If the 
original effective stresses are not restored, the process 
is not purely one of "heat consolidation", but also 
includes some mechanical consolidation. Total stresses 
may be altered in situ due to density changes during 
heating; also thermal stresses may alter local in situ 


stresses. 


(d) When the preheating effective stresses are restored (e.g. 
in laboratory samples), there is a net volume change. 


This net volume change is attributed to thermal expansion 
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of the solid mineral grains and volume change of the solid 
skeleton. A net volume change will also result if heating 


proceeds very slowly, under fully drained conditions. 


Volume change of the solid skeleton in-soils results from 
temperature-induced shearing at interparticle contacts and 
physico-chemical changes ate temperature. Increasing the 
temperature of soils generally causes a decrease of pore 
volume, ise. "thermal compaction". Williams (1982) has 
reported significant volumetric compression of illitic 
clays after heating up to 200°C. This component of 


thermal volume compression is small for dense oi! sand. 


The solid skeleton of intact crystalline and cemented 
rocks is altered during heating by a process often 
described as "thermal cracking". Differential thermal 
ecrancion during heating of the various mineral grains and 
cementing materials is believed to cause tensile stresses 
within the solid matrix. Temperature-induced micro- 
cracking has been widely observed to cause dilation of 
rocks, i.e. the pore volume increases, (e.g. Heard and 


Page, 1982, and Lo and Wai, 1982). 


In fact, a technique for breaking rocks which goes back to 
antiquity, involves thermal cycling by heating the rock and = then 


suddenly cooling it with water (Finnie et al., 1979). 
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It is important to recognize that the influence of heating and 
thermal history on volume change and mechanical properties varies 
dramatically for various soil and rock materials. Observed 
volumetric responses to heating range from "thermal compaction" of 
some soils to "thermal cracking" (and expansion) of intact rocks. 
At very high temperatures, mineralogic alteration prior to melting 


may result in volume decrease. 


5.2 Coupling Heat Transfer, Mass Transfer and Stress-Strain 
Analyses 


The development of a heat consolidation theory involves 
coupling heat and mass transfer relationships with a stress-strain- 
temperature model for porous materials that may be subjected to both 
mechanical and thermal perturbations. As described in the foregoing 
section, stress-strain-temperature relationships are likely to vary 


widely for different soil and rock materials. 


The simplest Hee era models commonly used to predict the 
behaviour of earth masses assume that deformations of the solid 
skeleton occur uniaxially in response to uniaxial stress changes 
according to meaneel aan or elastic-perfectly plastic 
constitutive relationships. The original theory of mechanical 
consolidation developed by Terzaghi in 1923 (see Terzaghi, 1943) 
coupled a one-dimensional linear stress-strain relationship with 
uniaxial fluid flow (i.e. mass transfer) for porous soils saturated 
with incompressible water. The condition of reversibility inherent 


in elastic theory was not required in Terzaghi's formulation, since 
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he recognized that in general, the coefficient of compressibility 
differed for conditions of: Cia VieGin Laiiieascl ai and (i) 
unloading-reloading. Rendulic (1936) (see also Terzaghi, 1943) 
extended the Terzaghi consolidation theory to three dimensions in a 
non-rigourous manner by assuming constant total stresses throughout 
the medium and volumetric strains due only to effective stress 
changes. Biot (1941) developed a rigorous theory of three- 
dimensional consolidation for perfectly linear elastic porous media. 
The Biot theory has been criticized on the grounds that the 
stress-strain behaviour of real soils is not well approximated by 
linear elastic constitutive relationships. Implementation of an 
extended Biot theory incorporating more complex nonlinear and 
non-elastic models of mechanical behaviour have been discouraged by 
the complexity of solving other than very simple problems (see 


Gibson et al., 1963). 


The development of a rigorous and self-consistent 
three-dimensional theory ai heat consolidation involves the further 
complexities resulting from the introduction of temperature as a 
state variable. Schiffman (1971) has developed a three-dimensiona| 
thermoelastic theory of consolidation. The theory developed by 
Schiffman is an extension of the. three-dimensional consolidation 
theory developed by Biot (1941) and was derived by analogy with the 
theory of mixtures (see Atkin, 1967). Schiffman's complete theory 
consists of five field equations including a continuity equation, 
three displacement equations of equilibrium, and an energy equation. 
These equations are coupled in terms of both temperature and 


displacement. Application of the Schiffman theory to soils, or for 
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that matter to oil sand, is subject to the same limitations for 
which the Biot theory has been criticized, i.e. the inadequate 
representation of mechanical behaviour using a linear elastic 
stress-strain relationship and difficulties in applying the theory 


to obtain solutions to complex problems. 


Campanella and Mitchel | (1968) developed theoretical 
temperature-volume-stress relationships for soils based on 
laboratory experiments on illite clay samples heated to moderate 
temperatures up to about 60°C. One-dimensional heat consolidation 
theory outlined in subsequent sections of this chapter, is an 
extension of the Campanella-Mitchel!l theory based on the 
experimental research summarized in Chapters 3 and 4. Solutions of 
one-dimensional heat consolidation problems in cartesian and radial 
coordinates for oi! sand are presented in following sections of this 
chapter. Solutions are presented in Chapter 6 for two dimensional 
axisymmetric problems related to heating and injection around a 
shaft and/or borehole. The assumption that total stresses remain 
constant during heating and consolidation has been used to determine 
thermally generated, transient pore pressures and volumetric 
strains. Transient volumetric strains determined in the heat 
consolidation analyses are used as input for thermoelastic stress 
analyses. This approach is analogous to that adopted in developing 
the Terzaghi-Rendulic three dimensional theory for mechanical 
consolidation. This type of analysis is not rigorous since the 
dependence of pore pressure on thermally induced total stress 
changes is ignored. Nevertheless, solutions of this type are 


believed to provide insight into problems of practical interest, 
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and delineate requirements for development of solutions of a 


rigorous three dimensional heat consolidation theory. 


Da) Practical Applications of One Dimensional Heat Consolidation 
Theory 
A number of problems of practical interest in oil sands 


development as well as other areas of resource development may be 
studied initially using a simplified one-dimensional theory of heat 
consolidation. Several examples related to oil sands development 


include: 


(a) in situ heating using long electrical strip heaters, e.g. 
Towson (1979) has described pilot in situ experiments 


conducted by Petro Canada Ltd.; 


(b) steam flooding through a bottom water-bearing sand zone, 
e.g.e (i) Huygen and Lowry (1983) described results of 
scaled model laboratory experiments to model this process 
for Wabasca oil sand. Results of the laboratory 
simulation indicate that conditions of one dimensional 
heat transfer are valid at substantial distance from the 
steam injection well(s); (ii) Parsons and Hemstock (1983) 
have also described -imp!ementation of this technique at 
the Shell Canada Resources Ltd., Peace River In-Situ 


Project site; 
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(c) pore pressure development and heave of hot oi! storage 
tanks, e.g- Kosar (1983) has studied this problem using 
two-dimensional numerical analyses, however in principal, 
the problem may also be studied in a piece-wise manner 
using one-dimensional heat consolidation theory; an 
advantage of one dimensional solutions is the reduced 


computational effort; 


(d) in situ heating by injection of condensed steam into a 


large planar hydraulic fracture; 


(e) radially symmetric heating and/or steam injection through 
a well casing, or steam injection through a point source 


in a semi-infinite medium (i.e. spherically symmetric); or 


(f) concentric radial heating inward toward a central shaft 


from a peripheral production zone. 


One dimensional modelling of any of the above examples is a 
gross simplification of reality. Ultimately, it will be both 
desirable and necessary to undertake two and three dimensional 
analyses. Nevertheless it is considered prudent to initially 
incorporate the physics of heat consolidation in one dimensional 


analyses which may later be extended to multi-dimensional 


modelling. 
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3-4 One-Dimensional Heat Consolidation Theory 


A one dimensional heat consolidation theory analogous to the 
isothermal Terzaghi theory of one-dimensional consolidation (see 
Terzaghi, 1943) is developed in this section. Assumptions invoked 
in the Terzaghi theory are also used here. Several important 
assumptions common to both isothermal consolidation and heat 


consolidation theories include: 


1. Strains in the solid skeleton and pore fluid phase are one- 
dimensional, i.e. vertical. 
2. The vertical total stress is constant. 


3. Fluid flow is adequately described by Darcy's Law. 


Strains in the solid skeleton during heat consolidation are due to 
changes in both the effective stresses and the temperature. Heat 
consolidation theory therefore requires coupling of effective stress 


and strain with temperature and time. 


5.4.1 Development of an Uncoupled One-Dimensional Heat 
Consolidation Theory 


Consider a control element of soil or rock of volume, V, 
and height, dz. The control element is saturated with liquid 
pore fluids at an initial absolute pore pressure, Po>- The 
initial temperature of the control element is To and the total 


vertical confining stress is Oy- 
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When the temperature of the control element is increased by an 
amount, AT, the element expands and the pore. pressure 
increases. The initial undrained pore pressure increase is 


given by: 


Au, = B,At (5.1) 


where By is the coefficient of thermal pore pressure 
generation defined previously by equations 4.11 and 4.12. The 


initial undrained volumetric expansion of the element is given 


bys 


(5.2) 


where @,, B, @p5p and m, are undrained and drained 
coefficients of thermal expansion and compressibility 


previously defined in Chapter 4. 


The thermally generated excess pore pressure, uy, dissipates 
with time. The fluid flow rate out of the element is governed 
by Darcy's Law and is equivalent to the volume change of the 
element with time: 

Viet 20. k du )qaz aa 

(335>) (5.3) 
Eventually, u = 0 and the initial effective confining stress is 


restored. The ultimate volume change of the control element at 


the new steady temperature, To + AT, after the thermally 
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generated excess pore pressure has dissipated is given by: 
iy Ff 
(Seber OAT (5.4) 


The volume of pore fluid drained from the element is the 
difference between the undrained and drained volumetric strains 


given by equations 5.2 and 5.4: 


AV) -~ (AV) _(av) _ 
Call () GF) mB AT (5.5) 


The rate of change of volume of the control element during 
consolidation at the constant elevated temperature, T, + AT, 


is: 


OV = $8 Gea 


dt Vv 98 C516) 
The standard form of the one-dimensional consolidation equation 
is recovered by equating the expressions for rate of volume 


change given in equations 5.3 and 5.6: 


du k rs) 4 


at "pm ee (5.7) 
where an = Cy, the coefficient of consolidation described 


in section 4.6 of Chapter 4. 


As discussed in Chapter 4, section 4.6, cy varies 
nonlinearly with temperature, and also with the relative 


saturations of water and bitumen in oi!l sands. The coefficent 


oil Re oR aE s 1h Me le 
ryt ao ai nthe 
tt oo 
awry | a 
, : ' if bu t th 
t : ae nie : 
A it a Biker ane 
th Lhe ie in ci aM price 
bitath aia octal Re) ry MAS 
F i ra ; y sy ee 
hee i pan ETH ‘ shih ese te inh i, 
1 gels acwineia: serrtngar ‘oat: Apo aimitey 
Pp Mi ay 
tak ¥ onetelsniin atentig itl 
a i 
| iid cel Lena Asie e ; 
iy aha i ait y a Pas arate ; i 
OTE 4 4 a Jeg gene ae a 
; iy 4 ri is 
" Woe vh ; 
we 


Page 282 


of consolidation, cy, varies only with temperature and 
pressure in porous materials having a single, continuous pore 


fluid phase. 


In general, total stresses are not constant during 
heating. Total stresses may be altered by: (i) restraint of 
thermally induced strains, and. (ii) bulk density changes. 
Thermal expansion of the solid and pore fluid phases causes 
density to decrease. During consolidation time dependent mass 
transfer proceeds as thermally generated excess pore pressures 
dissipate and pore fluids drain. The dominant upward pressure 
gradient resulting from thermal density changes is often 


described as "thermal buoyancy". 


Bulk density may be defined in terms of the relative 


proportions of the solid and fluid phases as follows: 
Visa Clee 
( 7) Le (5.8) 


Porosity, 7, and the densities of the solids and pore fluids 


vary with temperature, pore pressure and effective stresses: 
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During undrained heating, porosity and densities vary directly 
with temperature since pore pressure and effective stress 
changes are related to temperature change through the By 


parameter. 


It is useful then to introduce a coefficient linking bulk 
density variation with undrained temperature change as 


follows: 


Mey =t=, (47 


The total stress change within a control thickness, dz, due to 
density decrease resulting from an undrained temperature 


increase, AT, is: 


Ao, = MAT dz dA Cr sGieZ) 


The total stress change given by equation 5.14.2 results in a 
nearly equivalent change in pore pressure, depending on the 


value of Skempton's B parameter. 


Au, =sRAGT= BM_AT dzdA | (5.9.3) 


It should be noted that the magnitude of B also varies with 
temperature and pressure. For example, undrained heating of a 
high quality sample of dense Saline Creek oi! sand over the 
temperature range 20°C to 200°C at ambient pore pressure of 5 


MPa, would result in approximately 5.4 percent volumetric 
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expansion (see Figure 4.6). Since the mass of the sample 
remains constant during undrained heating, the bulk density 
decreases from 21.5 to 20.4 kN/m> over the 180°C temperature 
increment; the corresponding value of Mr is 6.0 x 1073 


kPa/m-°C. 


Since bulk density varies with effective stress, total 
stress must also increase as excess pore pressures dissipate 
during heat consolidation. A second coefficient relating bulk 
density to changes with effective stress change may therefore 


be defined as follows: 
2 (ay 
M (45) (55044) 


Total stress change within a control thickness dz due to bu!k 


density variation with pore pressure is given by: 

Ao =™M : 

dog eee Ae (5.9.5) 
The resulting pore pressure change is given by: 


Au = BAg =BmM™ ' 
Pp D p 4s dz da (591.6) 
The magnitude of pore pressure change due to bulk density 
variation is, in general, very small. Also, heating decreases 


density while consolidiation causes density to increase. 


Total stress changes due to restraint of thermally induced 
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strains is considered to be of greater practical importance in 
the heat consolidation process. Solutions presented in this 
chapter were developed assuming that total stresses remain 
constant during heating and consolidation, however in many 
problems lateral stresses increase during heating due to 


conditions of lateral restraint in situ. 


5.4.2 Numerical Example of Uncoupled One-Dimensional Heat 
Consolidation of Oi! Sand 


The following example illustrates the process of heat 
consolidation under non-transient heating for a _ laterally 
confined, deeply buried layer of oil sand. Total vertical 
stress is constant in this example. Boundary and initial 


conditions are illustrated in Figure 5.1 as follows: 


a). Cy = IMP a; 


sa Po a MPa; 
Qe Heesmloom: 
d) "ate z= 0, U-= 0,8 fT = .01 toe; 
6)) ati Z*= (0, Uh vo, t ="C. fo'ce: 


The initial pore pressure response to the temperature 
increment, AT, is determined using equation 4.12 with 
Bie se Sone One dimensional volume change. of 
the oil sand layer, i.e. vertical expansion, is determined by 
equation 5.2 assuming a constant value of m, = 5 x 1097 
kPa7!, The coefficient of consolidation, Cys varies 


nonlinearly with temperature from 0.01 m/s at 5°C to 0.1 
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VERTICAL CONFINING STRESS 


LATERALLY CONFINED LAYER OF OIL SAND 
(Po, To) 


UNIFORM STEP TEMPERATURE 
2H AT 


FIGURE 5.1 Analytical Model for One-Dimensional 
Heat Consolidation Following Non- 
Transient Heating 
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m2/s at 205°C according to the following relationship: 


Blog cy = ar 
The drained coefficient of thermal expansion, Qpp, was 
assumed t,o be constant at 3 x p07 48cm, Dissipation of 
excess pore pressure throughout the layer with time following 
heating is determined by solving equation 5.7, the one 
dimensional consolidation equation. The mathematical solution 
for equation 5.7 used here was developed by Taylor (1948). 
Carslaw and Jaeger (1959) also give analytical solutions 
applicable to the consolidation equation. Pore pressure 


isochrones within the consolidating layer are characterized as 


sine wave segments. 


A computer program "HC" was coded in Fortran language to 
solve the above example. The program code is included in 
Appendix J. Results of the analysis are summarized in Figures 


Dili ls TO 0 eZ NC TUSIVes 


lsochrones of pore pressure with depth at various times 
following heating are mlortes in) Figures)5.2.1 to 5.2.4, for 
temperature / increments, Al}. of 1°C, 10°C, 100°C and. 200°C. 
Although the initial pore pressure increase, u,, is greater 
for larger temperature increments, the coefficient of 
consolidation, Cys ele | = <e)iuil sand also increases et 
temperature. Excess pore pressures dissipate very rapidly at 


100°C and 200°C. 
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FIGURE 5.2.5  Undrained and Drained Thermal 
Expansion of a Confined Oil Sand 
Layer for Various Step Temperatures 
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The initial (undrained) and long-term (drained) vertical 
expansion of the oi! sand layer are plotted for each 
temperature increment in Figure 5.2.5. Undrained vertical 
expansion occurs simultaneously with the initial (undrained) 
temperature increase. Drained vertical expansion represents 
the long-term thermal expansion after all excess pore pressure 


has dissipated. 


524.5 One Dimensional Heat Consolidation During Transient 
Heating 


In general heat transfer in porous materials is a transient 
process. Important modes of heat transfer include both diffusion 
and convection. Heat flow by diffusion is described by Fourier's 
Law which relates the time rate of heat transfer to a temperature 
gradient through a proportionality factor called the thermal 
conductivity.  Fourier's Law is analogous to Darcy's Law and for one 


dimensional conduction may be expressed mathematically as: 


(5.10) 


The. thermal conduc enacnies of the solid and liquid phases of 
porous soils and rocks are often combined or measured experimental ly 
to give a single value of thermal conductivity for the medium. 
Cervenan et al (1980) have measured thermal conductivity of 
Athabasca oil sand. At the microscopic level in multiphase media 
conductive heat transfer is enhanced by a form of convection due to 
temperature and velocity gradients within the pore space. Bear 


(1972) describes this combined conduction-convection mode of heat 
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transfer macroscopically as "thermal dispersion", and the constant 
of proportionality is termed the medium "conduction-dispersion 


coefficient". 


Convection is defined as transfer of heat by fluid flow. | f 
the pore fluid is forced to move by the action of a. pump, the 
phenomenon is called "forced convection", whereas the term 
"advection" has been used to describe convection associated with 


regional groundwater flow (Mercer et al., 1982). 


A third parameter which enters into the differential equation 
describing heat transfer is the heat capacity. Heat capacity per 
unit mass of the system is called specific heat and is a measure of 
the heat storage capacity of a material. The specific heat of 


mineral solids in soils and rocks is typically only 25% of that of 


water. 


The differential equation describing heat transfer by thermal 
diffusion may be derived using the principle of thermal energy 
conservation. The equation describing one dimensional thermal 


diffusion in cartesian coordinates is of the form: 


Fi a ae 7 (5.140 


For some boundary value problems in which ky, p and c are all 
constants in space and time, a single parameter, the thermal 


diffusivity, @7, may be used and equation 5.11 becomes: 
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When fluid flow and heating occur simultaneaously, heat transfer 
involves both thermal diffusion and convection. Both | mass 
conservation and thermal energy conservation must be considered in 
derivation of the convective-diffusion equation. The one 


dimensional convective-diffusion equation is of the form: 


oT T 
Des n CA oe LES oT 
[2 =) pc, + GEC lene’. 7 or migg? ar CeSe” a5 (5.12) 


where the flow velocity, v, is given by Darcy's Law and is constant 


over the flow path under consideration. 


The problem of one dimensional heat consolidation during 
transient heating involves simultaneous solution of at least two 


differential equations. 


1. Heat. transfer by thermal diffusion alone given by equation 
5.17, may be solved uncoupled from the heat consolidation 
equation. Consideration of heat transfer by convective- 
diffusion given in equation 5.12 requires coupling of the 
heat transfer and consolidation equations. 

2. Thermal pore pressure generation during transient undrained 


heating is given by: 


C) id OT 
(e) a Uae (5.13) 


Transient heat consolidation may be characterized by 
summation of simultaneous pore pressure responses to 


transient undrained heating (equation S55) and 
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consolidation as given in equation 5.7. 
The heat consolidation equation describing simultaneous 


thermal pore pressure generation and dissipation of excess 


pore pressures then, is: 


M=B (u,7) oT Se (yr) oY (5.14.1) 


Oe eset (5.14.2) 


Lachenbruch (1980) has also developed a similar expression 
which includes a term for frictional heat generation within 


a fault or shear zone. 


Equations 5.14.1 and 5.14.2 are nonlinear because of 
the dependence of the coefficients By and cy, on excess 
pore pressure, u, the primary variable. Because of 
nonlinearity of equations Delia aod 4.2.0 SOl Ua. tons Tor 
different boundary conditions are not superposable. In 
general, there are no exact solutions for the partial 


differential equations describing heat consolidation. 


The possibility of assuming constant values for the 
coefficients Br, @7 and cy in equation 5.20.2 was 
considered as a-means of obtaining an exact solution for 


comparison with and verification of numerical solutions. 
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Carslaw and Jaeger (1959) give exact solutions for a similar 
differential equation describing simultaneous heat generation 
and diffusion within a slab. Assigning constant values for 
ay and cy in equation 5.14.2 does not violate physical 

principles. However, assuming that By is constant can result 
in the unrealistic prediction that excess pore pressure 
increases continuously with temperature and time and may even 
exceed the initial effective confining stresses. Hence, the 
exact solution of equation 5.14.2 with By constant and time, 
t > 0, is only physically correct if the rate of thermal pore 
pressure generation is less than or equal to the rate of pore 
pressure diffusion. Satisfying this constraint yields trivial 
solutions of no practical interest, even for verifying 
numerical solution techniques, since no excess pore pressures 


are generated during heating. 


Exact solution of the general case in which By is a 
function ‘of us rhe primary variable in equations 5.14.1 and 
5.14.2, is intractable (see for example, Carslaw and Jaeger, 


1959), ps 12 and yp. 150). 


Analytical solutions for thaw consolidation (another 
thermal consolidation problem) given by Nixon (1973) yield a 
dimensionless "thaw consolidation ratio". By inference, a 
similar and useful dimensionless "heat consolidation ratio" may 


be defined as follows: 
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Numerical solutions for one dimensional heat consolidation 
during transient heating by both diffusion and convective- 
diffusion are developed in following subsections of this 


chapter. 


Numerical solutions for two and three dimensional heat 
consolidation problems are described in Chapter Or An 
uncoupled numerical modelling procedure may be used if pore 
pressure response to total stress changes is assumed to be 


small. 


As discussed in section 4.1 of Chapter 4, volumetric expansion 
during transient heating and consolidation may be characterized 
using a "partially drained" coefficient of thermal expansion. 
Transient temperatures and excess pore pressures calculated in 
an uncoupled heat consolidation analysis may be used to 
determine resultant transient volumetric strains throughout the 
porous medium. as Gistmibunions of, volumetriicssstrains 
corresponding to a given period of heating may be used to 
determine the spatial distribution of an "equivalent" 
coefficient of transient thermal expansion. Transient 
volumetric expansion due to heating and _ consolidation 
accordingly may be input fio thermoelastic stress analyses 
using corresponding transient temperatures and the "equivalent" 


thermal expansion coefficients. 


For the more general case in which the total stresses are 
not constant in space and time, a stress-induced pore pressure 


term may be added to the heat consolidation equation as 


follows: 
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Cur On 2 00, avon 0.1. (5.16) 
ot B, teu + |p eR ot | 


where A and B are Skempton's pore pressure parameters. 


Development of solutions for equation 5.16 are beyond the scope 


of this study. 
5.4.4 Heat Transfer Properties of OI! Sand 
Heat transfer properties of oi! sand were not investigated 


during the present laboratory investigation. A limited amount 


of data exists in the literature pertaining to heat transfer 


properties of oil sand. Cervenan et al. (1980) measured 
thermal conductivity of reconstituted Athabasca oil sand 
samples at moderate temperatures (i.e. 25 to 40°C). No 


measurement of thermal conductivity of oi! sands has been made 
at elevated temperatures to the present time. However, thermal 
conductivity data has been published for quartz (Clarke, 1966) 
and for water in numerous steam table publications (e.g. ASME, 
1977), at elevated temperature and = pressures. Thermal 
conductivities of quartz, water and oil sand are plotted in 
Figure 5.3 for temperatures ranging from 0 to 300°C. The 
thermal conductivity of solid quartz increases linearly with 
temperature, whereas thermal conductivity of water is nearly 
constant with temperature over a range of pressures from 0.1 to 
15 MPa. The range of thermal conductivity values reported by 


Cervenan et al. (1980) for Athabasca oi! sand is also shown in 
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FIGURE 5.3 Thermal Conductivities of Quartz, Water 
and Oil Sand With Temperature 
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Figure 5.3; these researchers concluded that the mixture laws 
presented by Somerton et al. (1974) for heat transfer properties 
of unconsolidated sands do not apply to Athabasca oil sand. 
This conclusion must be viewed with caution, however, since the 
samples tested by Cervenan et al. probably contained a 
substantial proportion of air due to  remoulding and 


disturbance. 


crite vacarant Skauge and Hepler (1982) measured specific 
heat of Athabasca oi! sands and components over the temperature 
range 50-300°C using calorimetry. Specific heat was found to 
increase nonlinearly from about 0.9 to 1.2 J/g°C (Joules per 


gram per degree Celsius) over the above temperature range. 


Thermal diffusivity also depends on density of the 
material as indicated in equations 5.11 and 5.12. In 
particular, the densities of the pore fluids in oil sand 
decrease slaneueac nly at elevated temperatures. Density of 
the solid particles decreases to a lesser extent. Variation of 
density with temperature for Athabasca bitumen and water are 
shown in Figure 5.4. Data for Athabasca bitumen was taken from 
Camp (1970) and the data for water was obtained from the ASME 
Steam Tables (1977). Correct ond ac changes in the bulk density 
of undisturbed oil sand would produce a typical decrease in mass 


density from about] 2.15 to 2.02 Mg/m? over the temperature 


ranger -C. to 300°C. 


Based on the above published information, possible 


variation of the coefficient of thermal diffusivity, @7, for 
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oil sand may range from about 8 x 1077 to 1.1 x 1076 
m2/s, over the temperature range 5°C to 300°C. This range of 
variation is rather modest. Thermal diffusivity, ary, for oil 
sand is accordingly assumed to have a constant value of 
1.0x1076 m2/s independent of temperature and pressure for 
numerical modelling studies presented in the following sections. 
Definitive experimental research should be initiated to 
determine thermal conductivity and thermal diffusivity of oils 


sands at elevated temperatures and pressures. 


54D Numerical Solutions for One Dimensional Heat Consolidetion 
Coupled with Heat Transfer by Thermal Diffusion 


Numerical solution techniques are required for solving equations 
5.14.1 and 5.14.2, the partial differential equation describing one 
dimensional heat consolidation. As previously noted, the parameters 


€y /and) Br very nonlinearly (withi temperature vend excess pore 


pressure. 


Equation 5.11.1, the partial differential equation describing 
heat transfer by thermal diffusion may be solved analytically for 
boundary value problems assuming that the coefficient of thermal 
diffusion, @7, is constant. Equation 5.11.1 has been solved 
numerically in the following examples for reasons of convenience in 


coupling the heat transfer and heat consolidation solutions. 


Implicit finite difference solutions are generally preferrable 
to explicit schemes because of the very restrictive discretization 


constraints on both spatial and time derivations inherent in 
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explicit schemes. Instability of finite difference solutions results 
when truncation errors, arising from truncation of infinite series 
approximations of derivatives, become large. It can be shown that if 
only three-point spatial approximations are used, there is a maximum 
order of accuracy that may be achieved in approximating the 


individual terms of a partial differential equation (Laumbach, 1975). 


The approach adopted here was to solve each pore pressure term 
in equation 5.14.2 separately for a single time step. Pore pressure 
variation resulting from bulk density changes was also included in 
the solution. Implicit finite difference solutions for heat transfer 
by diffusion and for _ pore pressure dissipation, together with 
explicit approximations for thermal pore pressure generation and 
total stress change were summed after each time step. Equation 5.11 
may be approximated by the implicit finite difference equation: 

a, At 
Leet tie Sobe Es [aes jriweecer Ae By al (5.17) 
ws 


where At and AZ are the time step and grid spacing, respectively; 
the subscript i refers to spatial nodes; and the subscript j refers 
to time level. Three-point céntral difference approximations have 
been used for the spatial derivatives and the time derivative has 
been approximated by a forward difference approximation in equation 


5.1/7. 


The discretization results in a set of linear equations having a 
tridagonal structure. The system of equations may be solved at each 


time level by inverting the tridiagonal matrix using techniques such 
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as Gaussian elimination or the Thomas Algorithm (Ames, 1965). 
Thomas's Algorithm has been used in this study for reasons of 


efficiency and minimal storage requirements. 


Similarly, the consolidation equation 5.7 may be approximated by 


the implicit finite difference equation: 


c At 
ee ct Ar [Piss our eee | on ja (5.18) 
This system of tinear difference equations also has a 
tridiagonal structure. The system of equations may be solved 


simultaneously by the Thomas Algorithm at each time level. 


The implicit finite difference solutions given in equations 5.17 
and 5.18 are unconditionally stable. The thermal pore pressure 
generation term in equation 5.14.2 is a function of temperature and 
effective stress. Consequently, this contribution to the transient 
pore pressure distribution, must be determined explicitly at each 


time level. 


A computer program "HCD" was coded in Fortran language to solve 
the one dimensional heat consolidation problem coupled with transient 
heating by thermal diffusion. The computer code for HCD is included 
in Appendix J. Figure 5.5 is a flow chart of the programming logic 
and step-by-step operation of HCD. The program accesses two 
subroutines TEMPD and CONSOL during execution to calculate the 
temperature distribution and spatial dissipation of excess pore 


pressure at each time level. 
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Repeat at next time level t+1l 


Dimension array parameters. 
Initialize and specify 


boundary conditions and 
material properties. 


Call subroutine TEMPD 


Calculate thermal pore 
Pressure generation and 
total stress changes for 
the current temperature 
and pressure distributions. 


Update temperature-dependent 
properties (ise. ¢., 7,7. % 

} spatially throughout the 
mesh. 


Call subroutine CONSOL 


Superposition of thermal pore 
pressure generation and pore 
pressure dissipation. 


Determine Volume Change 


Calculate Dimensionless Para- 
meters (i.e. DH, Z/D, Ry) 


Print Output 


At time level t=2 
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Implicit finite difference 
solution of the temperature 


distribution by the Thomas 
Algorithm. 


Implicit finite difference 
solution to determine spatial 
dissipation of excess pore 
pressures using the Thomas 
Algorithm. 


FIGURE 5.5 Flow Diagram for Numerical Analysis of 


Heat Consolidation 
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Two analytical models of heat consolidation were analyzed with 
the program HCD. The analytical models are illustrated in Figures 
5.6 and 5.7. Model No. 1 in Figure 5.6 has a step temperature 
applied at the base of a semi-infinite oil sand layer. The bottom 
boundary is a free-draining constant pressure/constant temperature 
boundary while no flow of heat or fluid is permitted at the top 
boundary. Model No. 1 is a "one-way drainage" model. Model No. 2 
illustrated in Figure 5.7 is a "two-way drainage" model, i-e. both 
top and bottom boundaries are free-draining constant pressure/ 
constant temperature boundaries. In Model No. 2 the bottom boundary 
is the heat source while the top boundary is a heat sink. The 
computer code of Program HCD was qechin wath ee 2-way drainage boundary 


conditions, for this analysis. 


The implicit solutions for heat transfer in subroutine TEMPD and 
for pore pressure dissipation in subroutine CONSOL are 
unconditionally stable. / Also, since the coefficient of thermal 
diffusion, ay, remains constant, the prediction of temperature 
distribution with time is independent of the magnitude of time step 
used in the analysis. However, the coefficient of consolidation, 
Cy, varies nonlinearly with temperature, and therefore prediction 
of pore pressure dissipation with time is dependent on the magnitude 
of time increment selected for the analysis. The time step 
dependence of pore pressure predictions in the finite difference 
solution is further complicated by the fact that the thermal pore 


pressure generation parameter, Bry varies nonlinearly with 


temperature increment which depends on the time step size. 
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| 0, = 9 MPa | 
DORE SE ENO OOD 
NO FLUID OR HEAT FLOW ACROSS THIS BOUNDARY % P=2850kPa 
OIL SAND p@INITIAL PORE 
To=5°C PRESSURE 


Uo= OkPa DISTRIBUTION 


275. P=3150kPa 


FREE DRAINING INJECTION PRESSURE 
AT THIS BOUNDARY 


AT= 200°C 


FIGURE 5-6 Analytical Model No. 1 - One-Way Drainage 
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5 OIL SAND 
H T.=5°C MA INITIAL PORE 
0 PRESSURE 
u, = 0 kPa DISTRIBUTION 


FREE DRAINING OF oan STEP TEMPERATURE AND 
INJECTION PRESSURE 
AT THIS BOUNDARY 


FIGURE 5.7 Analytical Model No. 2 - Two-Way Drainage 
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5 e5el Influence of Temporal Discretization on Numerical 
Solutions 


Requirements for selecting a suitable time step in order to 
ensure a stable, convergent solution were not readily apparent 
for the coupled numerical analyses. In general, smaller time 
increments yield closer approximations to analytical solutions 
of partial differential equations. Criteria for temporal 
discretization of purely explicit finite difference 
approximations such as the Neumann Criterion (see Desai and 
Christian, “I977), (or the Karplus Criterion (see Farouq Alt, 
1981) are not directly applicable to the numerical scheme 
presented here. A "trial-and-error" approach was adopted to 
test stability and convergence of the heat consolidation 


numerical analyses. 


1. One-Way Drainage Analyses 


The configuration described in Figure 5.6, i.e. 
analytical model no. 1, was analyzed using the following 


time steps: 
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The analyses involved introduction of a 200°C. step 
temperature at the base of a 30 m thick oil sand layer. 
The base, i.e. Z=0, was maintained at constant pressure and 
temperature while no flow of heat or fluid was permitted 


across the top boundary. 


Temperature and excess pore pressure distributions 
within the oil sand layer determined using a 1 month time 
step are shown in Figures 5.8.1 and 5.8.2, respectively. 
Distributions of the heat consolidation ratio, Ry, within 
the oil sand layer are shown in Figure 5.8.3. Vertical 
expansion of the oi| sand layer with time predicted in this 
analysis (i.e. using a one month time step) is shown in 


Figure 5.8.4. 


Results of a second similar analysis predicted using a 
1 day time step are presented in Figures 5.9.1 to 5.9.4, 
inclusive. Conpantsen of Figures 5.8.2 and 5.9.2 clearly 
demonstrates that the magnitude and distribution of excess 
pore pressures predicted are very much influenced by the 
size of time step selected. Deformations predicted in the 
two analyses are also influenced by the temporal 
discretization, as may be seen by comparing Figures 5.8.4 


ainel Dots 


Results of similar analyses using shorter time steps 
of 1 hour, 10 minutes, 1 minute, 30 seconds and 15 seconds 


are presented in Appendix K, Figures K1.1 to K5.3, 
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inclusive. These analytical results also illustrate that 
pore pressures and deformations are overpredicted if very 


large time steps are used in the analysis. 


Similar, although not quite identical, predictions of pore 
pressure and vertical deformation were obtained using time 
step durations of 1 minute, 30 seconds and 15 seconds. For 
practical purposes, a 1 minute time step appears to be 
adequate, although small instabilities persist near the 
constant temperature boundary. Pore pressure spikes near 
the heat source are present during early time steps because 
of the very high temperature gradient which is applied 
instantaneously in these analyses. The instability 
represented by these spikes is eliminated when sufficiently 
small time steps are used or after some elapsed time when 


the temperature gradient is reduced. 


Dis Two-Way Drainage Analyses 


Two-way drainage boundary conditions for heat and 
fluid drainage (see Figure 5.7) were also analyzed using 
one month and one day time steps. Results are presented in 
Figures 5.10.1 to 5.10.4 for the 1 month step and 5.11.1 to 
5.11.4 for the 1 day time step. Long term temperature and 
pore pressure distributions are altered by introducing a 
top drainage boundary, however short term predictions are 


very similar to those of the one-way drainage analyses. 
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It is of interest to note that the pore pressures 
generated in Saline Creek oi! sand due to heating at 
relatively slow rates by thermal diffusion, are not large, 
i.e. less than one percent of the effective confining 
stress (see Appendix K - Figures K1.1 to K5.3, inclusive). 
This is due to the greatly differing magnitudes of 
hydraulic and thermal diffusivity for Saline Creek oil 
sand. The heat consolidation ratio, Ry, varies from 
AbouTn 2EOx100" af 5°C™ tomeeOxt0-M at! 200°Cs* ike. tHE 
coefficient of consolidation is 4 to 5 orders of magnitude 
larger than the coefficient of thermal diffusivity over the 
temperature range of interest. The rate of heat transfer 
and thermal generation of pore pressures is thus much 
slower than the rate of dissipation of excess pore 


pressure. 


5.5.2 Influence of Oil Sand Permeability on Heat Consolidation 


Saline Creek oi! sand is very clean, i.e. it generally 
contains less than 3 percent by mass of fine grained silt and 
clay sized particles. For this reason it is not typical of 
other areas of the Athabasca deposit or other deposits. It has 
been observed that the fntrecucnion of fine grained silt and 
clay particles into a matrix of sand grains has the influence of 
significantly reducing permeability and the coefficient of 
consolidation (Cedergren, 1977). For example, the presence of 
20 percent by mass of fine particles, less than 0.074 mm 


effective particle diameter, in Saline Creek oi! sand would 
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reduce the value of the coefficient of consolidation, c,, by 2 


to 3 orders of magnitude. 


Although the samples of Saline Creek oil sand tested in 
this research program consisted of fairly uniform clean sand 
typically containing 0 to 3 percent fines, other oil sand 
deposits typically are more | geologically complex = and 
heterogeneous. Mossop (1978), Carrigy and Kramers (1974) and 
others have decribed geologic complexities of Alberta oil sand 


facies. 


In order to illustrate the implications of reducing the 
coefficient of consolidation on the heat consolidation process, 
Analytical model no. 1 was reanalyzed with reduced cy, values 
of 0.108, 1.081072 and 3x1074 m¢/minute, using a 
1 minutes time step in each case. The corresponding values of 
heat Eee oieanicn Gaile, ashy igage M800, B1e0,n, 18) sands 455 
respectively, assuming a constant value of thermal diffusivity. 
Predicted temperature distributions with time are identical for 
each of the above four analyses. The spatial variation of 
temperature with time in the lower 10 percent of the oil sand 
layer is shown in Figure K6 in Appendix K. Pore pressure 
distributions and vertical deformations at common time levels 
are shown in Figures K7.1 to K10.2 inclusive, for the above 
cases. The foregoing analyses were repeated using a smaller 30 
second time step; essentially identical results were obtained 


for predicted pore pressure distribution and volumetric 
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expansion at comparable time levels. it is of interest to note 
that large peak pore pressures are generated as the coefficient 
of consolidation is reduced and coincidentally, that the rate at 
which elevated pore pressures are transmitted ahead of the 
heating front is reduced. Therefore reduced values of cy have 
the effect of both increasing the magnitude of thermal pore 
pressure generation by undrained heating while limiting the rate 
at which the zone of elevated pore pressures diffuse beyond the 
heated zone. Peak pore pressures generated in these analyses 
are shown in Figure 5.12, plotted as a pore pressure ratio, i.e. 
the ratio of maximum pore pressure generated to the maximum 
possible; pore pressure if. heared @undralned $i .e.mo 1) ,) wersus 
the heat consolidation ratio, Ry- The magnitude of thermal 
diffusivity, a7, was “assumed to yreéemaln teconstant, -at, 


6.0 x 107? m4/minute in each of the above analyses. 


Excess pore pressures generated during heating of oi! sand 
strata containing more than about 8 to 10 percent fines, by 
mass, are seen to be significant in Figure 5.12. Excess pore 
pressures due to combined undrained heating and pressurized 
injection may substantially reduce available shear strength and 
initiate shear deformations in. a non-uniform stress field. 
Understanding the mechanism by which such shearing events are 
initiated and the dependence of thermal pore pressure generation 
on geologic detail is of paramount importance in preventing 
damage to well casings, shaft and tunnel liners during thermal ly 


enhanced oil recovery operations. 
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5.6 Numerical Solutions for One Dimensional Heat Consolidation 
Coupled with Heat Transfer by Convection and Diffusion 


Numerical SOrunron .Or | equation 95.12, the  convective- 
diffusion equation is very difficult, particularly when the flow 
velocity is large causing convective transport to dominate the heat 
transfer process. Peaceman and Rachford (1962) noted that when 
convection predominates the equation assumes a hyperbolic form. When 
three-point central difference approximations of the spatial 
derivatives are used, the truncation error on the convection term is 
first order (O(AZ) while that on the diffusion term is only second 
order (ise. (OCA Z2). The key to obtaining a good numerical 
approximation to equation 5.12 lies in reducing the truncation error 
in the approximation to the convection term. Laumbach (1975) 
developed an improved finite difference formulation for treating the 
convective-diffusion equation which is referred to as the "Truncation 
Cancellation Procedure" (TCP). This finite difference formulation 
reduces the truncation error in the convection term by cancelling it 
with an "artificial" first order error in the accumulation term (i.e. 
the approximation of the time derivative). A weighting parameter,w, 
is included with the accumulation term to artificially introduce a 
spatial truncation error associated with the time derivative 
approximation which, in turn, cancels a portion of the convection 
Terma) errors It should be noted that the time derivative 
approximation in implicit formulations normally has no spatial 


truncation error. 


The TCP discretization for the convective-diffusion equation is of 
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of the Crank-Nicolson (semi-implicity) type. In one dimension the 


TCP discretization developed by Laumbach (1975) is as follows: 


shy ee = ee = 
AT 2 AT ; 


i 
= =) ABN ; , Peau i spo be ; + ae — 
an Ak ( i+1,j+1 i,j+l tear eae ee fiat Wee) 


a 
wat [Cie Re ace sy tee Ceara 1,3) 


Sy) 
where: T= dimensionless time = ——— 
Hee ~ NPC ./P.C, +71) 


—= dimensionless distance = Z 
H 
PS AT 
° . 2 
w= weighting parameter = 1, ZL 
c 3 6 
PECe VH 
Nes =othesPecihetaNumbes =) “i. 
ps at 


The Peclet Number is a dimensionless ratio of the characteristic 


convection rate to the characteristic diffusion rate. When the 


Peclet Number is large convection dominates, and when it is smal | 


diffusion dominates. Laumbach (1975) has tested the stability and 


convergence of the TCP solution against analytical solutions for 


heat transfer by one dimensional convective diffusion. 
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A modified version of the program HCD was developed to solve the 
one dimensionless heat consolidation problem coupled with heat 
transfer by convective-diffusion. The program HCCD includes a 
subroutine TEMPC which solves the tridiagonal matrix for a set of 
_ equations corresponding to the difference equation 5.23 at each time 
level. Flow velocity, v, is determined using Darcy's Law. The 
differential pressure term in Darcy's equation was approximated by a 
three point, spatial central difference approximation at the 
preceding time level. The resulting velocity distribution thus lags 


behind the temperature distribution by one time step. 


A restriction of the solution technique is that the pressure 
difference, and thus velocity may not equal zero. A listing of the 
eode! for YSHCCD" “isedineluded Sint Appendix 2u. A modified version 
"HCCD2" was written to solve the case of two-way fluid drainage and 


heat flow. 


Analytical Model No. 1 illustrated in Figure 5.6 was reanalyzed 


using the convective-diffusion heat transfer solution. 


Similar temporal discretization restrictions to those discussed 
for the one dimensional heat consolidation problem coupled with heat 
transfer by thermal diffusion also apply to the convective-diffusion 


analysis. 


Temperature, pore pressure and vertical expansion for the TCP 


analysis are shown in Figures 5.13.1 to 5.13.3, inclusive, at time 


A 


oe ete el ‘oa 


ae 


wit soy haha Hew aye io onl 


BAY te 1 Pet ona praia: e 
pees. ali AN ranted, Dairies — sok Mb 
“4 ae 1 


wierd lle snes wc 


OR gente ts i ry) ut yay ie 


” ~~ 4 
ee a ee eee, DENS ect) Me 


bil anal aD eC i Ub, Oe ie a 
ety ; ! ty ileal i En ee oN pe 
Pe se peo : ta ELF 


ae 


nieve ah an poagi't 


lien ™ chee Jensen! sti i 


sihebndel: se, en an 
haa ee Ipptrcton i fit - 
alla ee tite vn pire i tal 


AY hi 
nt 


Peng ote i ah Ds 


BS 


a” u 
Dts iy 


fy pha 


‘ins 


: ow - 
re 


a can 
vn Na “ hy niet 


setae? 


is at avtnoes 


oo 


ea! nih i 
“hee & 
” 


Page 326 


levels up to 24 hours after introduction of boundary step 
temperatures. It was observed that heat transfer was accelerated 
slightly by convection for the first few time steps following 
introduction of the step temperature, however the rate of heat 
transfer was later retarded because of fluid drainage back toward the 


heat source in this "one-way drainage" analysis. 


Although convective heat transfer does not have a dominant 
influence on the "predicted temperature and pressure distributions in 
the above example, it is known to be important when large pressure 
gradients are induced by simultaneous operation of neighboring 
injection and production wells during enhanced oi! recovery or 
aquifer thermal energy storage and recovery (see for example Mercer 


et al., 1982, or Peaceman and Rachford, 1962). 


Heat consolidation solutions presented in the remainder of 
Chapter 5 and in Chapter 6 include boundary conditions similar to the 
"one-way drainage" example presented here. The assumption that the 
dominant heat transfer mechanism is conduction will accordingly be 


applied hereafter. 
oP One Dimensional Heat Consolidation in Radial Coordinates 


Formulation of the one-dimensional heat consolidation equations 
in radial coordinates (i.e. assuming conditions of radial symmetry) 
is of practical interest for modelling a number of problems outlined 
in) @sectlonms>.2. Pore pressure and temperature distributions 


generated in the heat consolidation analysis may be combined with 
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Transient Temperatures - Heating by. 
Convective-Diffusion 
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axisymmetric thermo-mechanical models to analyze deep borehole, shaft 
or tunnel configurations with a hydrostatic vertical distribution of 


pressure so that os = 0. 
Z 


Following is the thermal diffusion equation, transformed into 


radial coordinates: 
Eee Da a (ecdamigas cee ke 
at ay [z oe ] (5.20) 


Similarly the one dimensional radial consolidation equation may 


be written: 


au - dru. 1. a 
cae aay [ ae 32 (5.21) 


Thermal pore pressure generation is coupled spatially with 
temperature and pore pressure in time as previously detailed in 


equation 5.14. 


Implicit finite difference approximation of equation 5.20 yields 


the following difference equation: 
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Similarly equation 5.25 may be exprssed in algebraic finite 


difference form using an implicit scheme as follows: 
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@_ jvc ce At Zone 
u, { vk —— u Nee ee 
Pa 2r Ar (Ar )? i-l, j+l (Ar)? 
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(5525) 


Equations 5.22 and 5.23 may be solved numerically by techniques 


described in Section 5.5. 


A computer code for heat consolidation in radial coordinates, 
HCDR, is included in Appendix J. Temperature and pore pressure 
distributions predicted for the "one-way drainage" case are shown in 
Figures 5. lAst ands. 1442 plotted against dimensionless radius, r/R, 
where r is the radius from a “line source" of heat and R is the 
radius to the external boundary. Five minute time steps were used in 
the analysis and again some instability is apparent near the step 
temperature boundary. Nevertheless, the magnitude of pore pressures 


generated is very small relative to effective confining stress. 


The partial differential equation describing heat transfer by 


convective-diffusion in radial coordinates is as follows: 


oT a7r 1 oT Rea aT 
— - @ at at as 
rvs Alger Te | (5.24) 


where radial flow velocity v is given by Darcy's Law. 


Laumbach GSa5y) has transformed the convective-diffusion 


equation into dimensionless form as follows: 


at 
afin ea OE (5.25) 
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where & = (r/R)Z 
vt 


= ancl -) p,c,+ 7] (dimensionless time) 
pc 
P-Cc vr’ 
Nea ee ed 9 (the Peclet Number in 
per 2k h 2 ; 
T radial coordinates) 


The "TCP" finite difference approximation for equation 5.25 


developed by Laumbach (1975) is as follows: 
(ie a Dil Ge aed a , (Fiat, Sie a 14) (ie Ion Bas = 4) 
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Mm ATati 
Tp = iN tos 
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Time step limitations for stability and convergence of radial 
heat consolidation coupled with heat transfer by convective-dif fusion 


are very restrictive for reasons described in section 5.5. 


5.8 Summary 


The heat consolidation process has been described and a one 
dimensional heat consolidation theory developed. Numerical solution 
techniques and solutions for one dimensional heat consolidation of 


oi! sand in cartesian and radial coordinates were presented. 
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Major conclusions evolving from numerical heat consolidation 


analyses in Chapter 5 may be summarized as follows: 


Numerical solutions of heat consolidation using standard 
finite difference techniques are very sensitive to temporal 
discretization due to nonlinear variation of Aes Leech 
of consolidation, and since thermal pore pressure generation 
and total stress change terms must be included explicitly in 


the analysis. 


The. absence of fines (i.e. clay and silt sized particles) 
and the uniform grain size distribution of Saline Creek oil 
sand result in relatively high permeability. Pore pressures 
generated during transient heating of Saline Creek oi! sand 
are very small relative to effective confining stress. Very 
large’ thermally generated pore pressures may however, be 
expected when 10 os 20 percent by mass of fines are 
introduced into the oi! sand matrix. The magnitudes of 
thermally generated pore pressures, thermal stress changes 
and ground deformations depend largely on geologic detai| 


within the oil sand formation. 


Permeability of oi! sand may be reduced by 2 to 3 orders of 
magnitude when the fines content of oil sand is increased to 
20% by mass. The reduction in permeability results in a 
reduction of the coefficient of consolidation, cy. As 
noted above, significant excess pore pressures, i-e. greater 


than 50% of the effective confining stress, may be generated 
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when 10-20% by mass of silt and clay size particles are 
present in oil sands. Also, the oars at which pore 
pressures migrate ahead of the heating front and dissipate 
is reduced. The shear strength of oil sand decreases in 
proportion with effective stress decline and pore pressure 
increase. Also, stress-strain moduli are proportional to 


effective stresses. 


Heat transfer by convection was found to have little 
influence on predicted temperature and pore pressure 
distributions when the primary’ direction of drainage is 
toward the heat source. Convective heat transfer. must be 
considered, however, when large pressure gradients 


associated with "forced convection" are introduced. 


Excess pore pressures resulting from high pressure injection 
are transmitted rapidly through clean quartzose oil sands. 
In lower permeability oil sands, thermally-induced excess 
pore pressures are also significant. This is particularily 
important for enhanced oil recovery schemes in which large 
injection pressures are applied since it would be difficult 


to isolate adjacent shafts. or tunnels from the injection 


pressure. 


Numerical solutions of one dimensional heat consolidation 
may be applied to a number of problems of practical 
interest. Nevertheless, development of rigorous and self- 


consistent theory of three-dimensional heat consolidation 
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with accompanying solutions which are in reasonable accord 
with the Known mechanical behaviour of "real" soils and 
rocks, is required. The development of a_ rigorous 
three-dimensional theory and solutions is beyond the scope 
of this research. However, a practical non-rigorous 
approach for analyzing multi-dimensional heat consolidation 


problems is developed and illustrated in Chapter 6. 
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6.0 NUMERICAL ANALYSES PREDICTING STRESS CHANGES AND DEFORMATIONS 
DUE TO UNDERGROUND EXCAVATION, HEATING AND INJECTION 


6.1 The Analytical Approach 


Two problems of practical interest related to thermally 
enhanced in situ recovery of oi! from oil sands involve the 
prediction of stress changes and ground deformations resulting 


from: 


1. excavation and construction of a shaft or deep tunnel 
followed by steam injection and oil recovery in a 
peripheral production bone; and 

2. drilling and installation of a well casing followed by 
injection of pressurized, condensed steam through the well 


casing. 


These two problems are illustrated schematically in Figures 6.1.1 
and 6.1.2. Solutions to the above problems require incremental 
analytical procedures, including concomittant solutions of the 
differential equations of heat transfer, mass transfer and 


stress-temperature-strain response. 
The above three-dimensional problems may be solved using 


two-dimensional axisymmetric formulations by assuming conditions of 


radial symmetry. Furthermore, the differential equations describing 
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FIGURE Gobel Schematic Illustration of a Shaft 
and Peripheral Production Zone for 
Thermally Enhanced Oil Recovery 
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FIGURE 6.1.2 Schematic Illustration of 
Pressurized Steam Injection Through 
a Single Cased Well 
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heat transfer and consolidation may be reduced to one-dimensional 
radial form if it is assumed that the shaft or injection well within 
the pay zone. is relatively long, or that there is no fluid 


"leak-off" or heat transfer to the overburden and underburden. 


Experimental results presented in Chapters 3 and 4 demonstrated 
that the mechanical properties (i.e. shear strength and stress- 
strain properties) of oil sand are dominated by effective confining 
stresses. Excess pore pressures are generated during thermally 
enhanced oil recovery by elevated injection pressures and _ by 
heating. Accordingly, it is important to analyze the above problems 


in terms of effective stresses rather than total stresses. 


The analytical approach adopted here involves a non-rigorous 
coupling of the heat consolidation solutions developed in Chapter 5 
and existing stress-strain solutions using finite element analyses. 


The numerical modelling procedure may be summarized as fol!ows: 


1. Stress changes and deformations resulting from excavation 


of the shaft or injection well are predicted using a 
nonlinear axisymmetric — finite element solution. 
Axisymmetric finite element discretization is illustrated 


in Figure 6.1.3. 

2. Transient temperature changes, excess pore pressures and 
associated volumetric strains are determined using the 
finite difference solutions for radial heat consolidation 
developed in Chapter 5. Pore pressures in excess of the 


initial in situ pressure due to excess injection pressure 
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and thermal pore pressure generation are calculated 
assuming that the total confining stresses remain constant 
during heating. Thus, pore pressure changes resulting from 
thermally induced total stress changes are neglected. An 
equivalent coefficient of volumetric: thermal expansion 
which varies both spajially and temporally, with 
temperature and effective Ancees stress is determined 
for input into the thermal stress analysis. Variations of 
stress-strain moduli with effective confining stress (in 
space and in time) are also determined at this stage. 

3. Total stress changes and deformations due to injection and 
heating are predicted using an axisymmetric thermoelastic, 
finite element analysis. Volumetric strains induced by 
injection and heating are input using appropriate 
distributions of temperature increase and the "equivalent" 
coefficient of volumetric expansion determined in the 
foregoing heat consolidation analysis. 

The numerical modelling procedure is summarized in Figure 
6.1.4. Although pore pressure changes due to total stress 
changes may, in principle, be calculated in an uncoupled 
Manner. as -described. in step & “ow Prqune” 621.4, This 
procedure becomes very cumbersome and accordingly was 


omitted from analyses in the following sections. 


Effective stresses are determined in the foregoing analytical 
procedure by superposition of the original effective stresses with: 
(i) stress changes during excavation; (ii) excess pore pressure due 
to injection; (iii) thermally generated excess pore pressure; (iv) 


total stress changes induced by heating and injection. In general, 
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there is also a pore pressure reaction to thermally induced total 
stress changes according to equation 5.16. This component of pore 


pressure response has been neglected here. 


Some limitations of the above analytical procedure are as 


follows: 


1. Standard finite element algorithms for thermoelastic 
stress-strain modelling do not include coupling of total 
stresses and pore pressures, nevertheless some recent 
developmental progress has been made toward this 
requirement by Zienkiewicz et al (1982). Although the 
requirement for performing effective stress analyses of 
heat consolidation problems in saturated soils and rocks 
has been identified, rigorous solution procedures have not 
yet been developed. Total stress changes during heating 
result from: (i) material density changes associated with 
thermal expansion and mass transfer; and (ii) restraint of 
thermally induced strains. Pore pressure changes resulting 
from the former may be included in the heat consolidation 
solutions developed in Chapter 5. Pore pressure (and 
effective stress) changes resulting from the latter are not 
included in solutions presented (ee etnies: chapter. 
Implications of this simplifying assumption are discussed 
further in following subsections. 

2. It is known that the temperature of a solid body changes 
when the state of strain of the body is altered 
adiabatically. Kelvin's theory may be used to calculate 


the temperature change of an insulated elastic body due to 
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4 


uniform straining. It has been shown that the temperature 
change in elastic materials due to adiabatic straining is 
small for most engineering applications (Fung, 1965). The 
interaction of strain and temperature has been ignored in 
the analytical procedure outlined above. 

The radial (one-dimensional) heat consolidation analysis 
does not account for fluid "leak-off" or heat dissipation 
to formations above or beneath the oil sand layer. 

It has been assumed throughout that the thermal, physical 
and mechanical properties of oi! sand are isotropic since 
anisotropy of the material properties has not yet been 
evaluated for oil sands. Nevertheless, it is well known 
that permeability and stress-strain properties are often 
anisotropic in other sedimentary rocks and soils. 

Material properties used in the analyses were derived from 
laboratory tests on disturbed, albeit good quality samples 
of eating Creek oil.sand. The degree of sample disturbance 
and implications were discussed extensively in Chapters 3 
and 4. 

Stress changes and deformations due to heating and 
injection were predicted using a linear thermoelastic 
solution technique. The stress-strain behaviour of oi| 
sand is neither linear nor elastic, particularily over 
large strain increments. There is a need to develop a 
thermal stress algorithm which accounts for non-recoverable 
strains, i.e. either by extending an incremental elastic 


procedure such as the hyperbolic model or within the 


framework of plasticity theory. 
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Stress-strain analyses of the shaft and injection well problems 
were performed using the general purpose finite element program 
ADINA (Automatic Dynamic Incremental Nonlinear Analysis) developed 
by Bathe (1975). A hyperbolic material model for soils has been 
implemented in the University of Alberta version of ADINA. The 
hyperbolic model in ADINA was used to calculate stress changes and 
deformations due to excavation of a vertical shaft or borehole 
through oil sand. Hyperbolic stress-strain parameters for oil sand 
are presented in section 6.2. An isotropic thermoelastic material 
model in ADINA was used to calculate total stress changes and 


deformations due to heating and injection. 


Several comparative analyses of the shaft problem illustrated 
in Figure 6.1.1 were carried out to illustrate the numerical 
modelling procedure and to explore implications of varying material 
properties and boundary conditions. Analytical results using 
properties of Saline Creek oul sand are compared for a range of 
boundary conditions at the production zone boundary. Analyses of 
the shaft problem were also performed assuming fully "drained" and 
"undrained" conditions during transient heating and injection, in an 
effort to compare lower bound and upper bound solutions. Since the 
transient analyses using prover (eon Saline Creek oil sand were 
close to the "drained" case, a transient heat consolidation analysis 
was also carried out using consolidation properties typical of a low 
permeability oi! sand or shale material. The importance of varying 
elastic stress-strain moduli in space and time with effective 
confining stresses for analyses other than "drained" analyses is 


demonstrated in these numerical results. 
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The injection well problem illustrated in Figure 6.1.2 was 
analyzed using properties of Saline Creek oi! sand and a single set 


of boundary conditions. 


6.1.1 Stress Paths During Heating 


A range of potential effective stress changes, i.e. stress 
paths, which may result during drained and undrained heating 
under various deformational constraints are illustrated in 
Figure 6.2. In general, stress paths followed during transient 


heating and consolidation in situ under the influence of moving 


and variable boundary conditions would be much more complex. 
The simplified stress paths shown in Figure 6.2 illustrate 
however, that effective stress changes during heating depend on 
both the heat consolidation characteristics of the soil or 
rock, and on the boundary conditions. Stress paths in Figure 
6.2 also illustrate the need to analyze many heat consolidation 


problems in terms of effective stresses. 
6.2 Hyperbolic Stress-Strain Parameters for Oi! Sand 


Algebraic relationships of hyperbolic form have been used to 
approximate the nonlinear relationships between stress and strain 
for a range of geotechnical materials (Kondner, 1963; Duncan and 
Chang, 1970). The hyperbolic model presented by Duncan and Chang 
(1970) is a technique for modelling the nonlinear stress-strain 
behaviour of soils within the framework of incremental elasticity. 
Procedures suggested by Duncan et al. (1980), were used to derive 


hyperbolic stress-strain parameters for Saline Creek oi! sand from 
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V2 OF 
Description of Stress Paths Due to Heating 
Q) Drained / Radially Constrained Heating 
(2) Undrained / Unconstrained Heating 
(3) Undrained / Radially Constrained Heating 
(4) Drained / Fully Constrained Heating 


FIGURE 6.2 Stress Paths Due to Ground Heating 
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the experimental data. Experimental data from drained triaxial 
tests are plotted along with "best-fit" hyperbolic curves in Figures 
6.5 to 6.6, inclusive. Triaxial compression test data derived from 
the: Tests, shown in Figures 6.3 to 6.6, tnelusive;, are also 
summarized in Table 6.1. The fundamental form of the hyperbolic 
relationship between deviatoric stress and axial strain is as 


follows (Kondner, 1963): 


Ai ses ail (sf td al 
(0, = 0,) Ey enon) (6.1) 


Duncan et al. (1980) suggested that the nonlinear relationship 
between volumetric strain and axial strain for a _ conventional 
triaxial test may be represented by the following equation: 


G7 GC, 
an ra ear (on2) 


Vv 


where Kp is the bulk modulus of the soil. The relationship 
given in equation 6.2 is based on the assumption that the bulk 
modulus, Kg, is independent of the deviatoric stress level 


and that it varies with confining stress. 


Figuees 6.5.0), 6.5.2) cand” 6.575) “Shows 1esia Gala torm — rests 
following stress path B (see Figure 4.14) at temperatures of 20°C, 
125°C and 200°C atong with "best-fit" hyperbolic curves. Figures 
6.4.1 and 6.4.2 show test results and hyperbolic curves for two room 
temperature passive compression tests on Saline Creek oi! sand at 
effective confining stresses of 2.1 MPa and 3.4 MPa conducted by Au 


(1983). telgunes’ 6.5.1eto 6.5.4,7: inclusive are: plots of fest fesuits 
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and hyperbolic curves for passive compression (stress path C) at 4 
fA eonmenda Gime hempemarures jot. 20°C 125°C.) 200°C stands 125°C, 
respectively. Figures 6.6.1, 6.6.2 and 6.6.3 show test results 
and "best-fit" hyperbolic curves for passive compression (stress 
path D) at 8 MPa effective confining stress and temperatures of 


20°C, 125°C and 200°C, respectively. 


Figures 6.3 to 6.6, inclusive, illustrate that the stress- 
strain behaviour of Saline Creek oil sand up to about 80% of peak 
deviator stress may be approximated reasonably accurately by the 
hyperbolic model. Although the hyperbolic model was developed 
exclusively for conventional passive triaxial compression, the 
results shown in Figures 6.3.1, 6.3.2 and 6.5.35 for stress path B 
(J1 constant) in which both 9,' and 93' are varied, indicate 
that these stress-strain curves are also of hyperbolic form. its 
should be noted that the volume change relationship given in 
equation 6.2 does NOt predict |. dimanank volume changes, 
characteristic of the triaxial test data for Saline Creek oi! sand. 
Byrne and Eldridge (1982) have modified equation 6.2 within the 
framework of erenente| elasticity ‘to' account for: dilatant 
volumetric strain. The modified relationship of Byrne and Eldridge 


may be expressed as follows: 


€ pi (6a) 
vi 3K, 5 Di Ue ; 


where D+ is a tangential dilitancy parameter; 
Dy = -sin Vp, and 
‘VYpy is the dilation angle after Rowe (1971), and 


Te is shear strain. 
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Equation 6.1 may be transformed into the following more 


convenient linear form: 


CRANE oy pee ho) 1 
ae ney i EOE sorta (6.4) 


Experimental data presented in Figures 6.4 to 6.6 inclusive are 


summarized in Figure 6.7, a plot of €/(0,;-03) versus € according 
to equation 6.4. Data points shown on Figure 6.7 are at 70 per cent 
and 95 per cent of the peak deviator stress, as recommended by 
Duncan et al. (1980). Transformed stress-strain curves for the 
stress path B tests (J1= constant) are plotted in Figure 6.8. There 
is a very distinct variation of the stress-strain behaviour with 
temperature in Figure 6.8. The sample tested at 20°C along stress 
path B had the least stiffness and strength, while the 125°C test 
sample had greater stiffness; the 200°C test sample had intermediate 
stiffness and strength. As discussed in Chapter 4 these differences 


are small for clean quartzose Saline Creek oil sand. 


The variation of stiffness with temperature is further 
illustrated in Figure 6.9, a non of the logarithm of initial 
tangent modulus versus the logarithmn of effective confining stress, 
i.e. fog E; versus log o3'. Similarly Figure 6.10 is a plot of 
logy Ke ievensus jog. 02 While there is a clear trend of 
decreasing bulk modulus with effective confining stress at both 20°C 
and 200°C, there is considerable scatter in bulk modulus values for 
the three 125°C tests. Again the data in Figure 6.10 generally 
indicate an increase in bulk modulus, Kp, i-e. stiffness, at 


elevated temperatures. 
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108 


FIGURE 6.9 Variation of Initial Tangent Modulus 
with Effective Confining Stress 
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FIGURE 6-10 Variation of Bulk Modulus with 
Effective Confining Stress 
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The fundamental equations used in an incremental elastic 
stress-strain analysis employing the hyperbolic model are as follows 


(Duncan et al., 1980): 


0, \7 R. (1-sing) (o,-@ ) 
EP aK ae iS) SS Se (625) 
t Ps \Pa 2c cos $+ 20, sing ; 


Te Sh il (6.6) 
ur ur Ps p_ 
a 

a) ee | 

¥ 7K» ea) 6.7) 

a Pa 
Ne 4 Gs 
@=  - Adlog (= (6.8) 


Values of: the eight experimentally determined parameters for 
Saline Creek oil sand required in equations 6.5 to 6.8 are 
summarized in Table 6.2 for temperatures of 20°C, 125°C and 200°C. 
A ninth parameter, the tangential dilatancy parameter, Dz, 
proposed by Byrne and Eldridge (1982) has not been determined here 
but should be included in future analyses to correctly model 


dilatant volumetric straining of dense oil sands. 


The version of the hyperbolic model currently in use in. the 
general purpose finite element program, ADINA, at the University of 
Alberta uses equations 6.5 and 6.6. and assumes constant values of 
Poisson's ratio , v, and friction angle, @. Thus volumetric strain 


is assumed to vary linearly with axial strain according to the 


following relationship from linear elastic theory: 
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Slee seepage (6.9) 
A family of stress-strain curves generated for effective 
confining stresses, 093', ranging from 2 to 10. MPa, and assuming 
% = 40° and v = 0.43 is presented in Figure 6.11. The stress-strain 
relationships given in Figure 6.11 ‘were used in the numerical 


analyses of shaft excavation described in the following section. 


6.3 Stress Changes and Deformation During Excavation of a Vertical 
Shaft or Borehole in Oi! Sand 


Stress changes and deformations due to unloading during 
excavation of a cylindrical shaft or borehole depend on _ the 
excavation technique, and in particular, on the method used to 
provide temporary support for the floor and walls of the advancing 
shaft excavation prior to installing a permanent support system. 
Boreholes drilled for the purpose of installing well casings for 
fluid injection or hydrocarbon recovery are generally supported 
temporarily with a bentonite slurry or drilling mud. This 
technology, i.e. so-called "blind drilling", has recently been 
extended to larger diameter shaft excavations up to 6.0 m in 
diameter (Stephenson and Owens, 1983). A second temporary support 
technique commonly used in the mining industry involves artifical 
freezing of a pillar of soil and/or rock adjacent to the shaft 
excavation. Freezing the porewater in soil and rock materials 
provides temporary tensile resistance and enhanced compressive 
strength when lateral and vertical confining stresses are reduced 


during excavation. 
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Stress changes and deformations during excavation by "blind 
drilling" were analyzed here since the technique has application to 
both well boring and shaft sinking. The finite element program 
ADINA was used to mode! stress changes and deformations in an oil 
sand deposit during excavation. A two-dimensional axisymmetric 
finite element mesh was used to model a 20 m thick layer of oil sand 
at a depth of 400 m below ground surface. The hyperbolic material 
model was used in a nonlinear incremental stress-strain analysis, 
using parameters summarized in section 6.2. The finite element mesh 
is shown in Figure 6.12. Vertical effective confining stress 
(overburden) and gravity (mass proportional) stresses were applied 
to the layer in 20 increments. The element stiffness matrix was 
updated according to the hyperbolic model before each loading 
increment. Fully drained conditions were assumed (i.e. pore 
pressures were assumed to remain constant during both the loading 
and subsequent shaft excavation stages). Ambient pore pressures are 


sufficiently large to prevent gas exsolution at the 400 m depth. 


Applied stresses were non-uniform resulting in an initial ratio 
of horizontal to. vertical effective stresses “or 10.75, “Cie, 
Kg=0-75 ). Stress ratio (Kj) values less than unity. are 
believed to be fairly representative of conditions at the 400 m 


depth being analyzed here. 


Vertical confining stress overlying the first column of 
elements on the left-hand side of the mesh in Figure 6.12, was 
removed in 10 equal increments in order to model excavation of the 
shaft through the overburden. The element stiffness matrix was 


updated before each excavation step. Radial, tangential and 
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vertical stresses at mid-depth in the oil sand layer following this 
excavation stage, i.e. excavation stage 1, are shown in Figure 
6.13.1. Deformation vectors throughout the mesh resulting from the 


10 step excavation stage 1 are summarized in Figure 6.13.2. 


Shaft excavation through the oi] sand was modelled in five 
sequential excavation steps, i.e. excavation stages 2 to 6, 
inclusive. The “element death option" available in ADINA was used 
to excavate shaft elements within the 5 discretized layers of oil 
sand shown in Figure 6.12. At the instant that each shaft element 
was "killed", a support pressure equivalent to hydrostatic drilling 
mud pressure was applied along the side and bottom boundaries of the 
shaft excavation. The element stiffness was updated before each 
excavation stage. Stresses at mid-depth in the oil sand, i.e. G,, 
Og, and O,, and deformation vectors after each of excavation stages 


2 to 6, are shown in Figures 6.14.1 to 6.18.2, inclusive. 


Figures 6.15.1 “to 6518.2, Jinchusive, “lilustrare™ that stress 
changes and deformations resulting from the excavation are very 
small. This is due to the relatively large support pressure which 
is continuously provided by the "drilling mud" used in the "blind 
drilling" excavation technique. It is also apparent that vertical 
deformations and stress changes near the shaft are greater than 
horizontal stress changes and deformations during excavation stages 
1 tos 4. This “is “due= +o: the ‘initial state. of stress, in which 


vertical stresses were greater than horizontal stresses (i.e. 
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FIGURE 6.13.1 Stresses Following Shaft 


Excavation Stage 1 
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FIGURE 6.13.2 


Displacements Following Shaft 
Excavation Stage 1 
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Initial Vertical Stress = 6125 kPa 
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Stresses Following Shaft 
Excavation Stage 2 


Displacements Following Shaft 
Excavation Stage 2 


DISPLACEMENT SCALE 10:1 


oe A a : ana Lee 


ot v ‘ 


mm fe & ia 4H Leal 


SL RR Re tg a r= lena weg ar He @ 


ae Bree | 
a ak 


- 
i , - 
\ 7 
4 
4 ot ae ¢ 
rv Cis + a | 
¥ Ce) rere wth 
os wi, ew 4 
4 A ‘i 


ie «+e hea goen ew otubereaie trill 


i mh 


or Ow G8 eS lows 


- a 
a 
i el 
5 
P iv 
abt 
be 
r 
hh 
i t 
foe) 
Fs mk 
’ 
t 
> 
i ‘ 
« Pa 
; rU. Tila 
(e : 
’ tes ao ; 
rr! ‘ " i car 
4 ' i 
i i 74 ' r ie 
EP et | ee 5, 2 - " Soe ms 
» ae “y b (i . ; 
tages 3 te be b hes 
3 a4 ‘ arty 
h % : 
al oe) se i 
é ar po eT cs ee a ee BA On STS ae wa & [or 


iz ‘gat a Les] +e 


7 a . iy i oa ty 


ok: ae ee? a 


ie - 


STRESS ( kPa ) 


4750 5500 6250 7000 


4ooo 


10 20 


FIGURE 6.15.1 


FIGURE 6.15.2 


Page 368 


Initial Vertical Stress = 6125 kPa 


Initial Radial € Tangential Stress = 4620 kPa 
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Stresses Following Shaft 
Excavation Stage 3 


Displacements Following Shaft 
Excavation Stage 3 
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Initial Vertical Stress = 6125 kPa 


Excavation Stage 4 
Ko = 0.75 
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FIGURE 6.16.1 Stresses Following Shaft 


Excavation Stage 4 


SHAFT 


FIGURE 6.16.2 


Displacements Following Shaft 
Excavation Stage 4 
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Initial Vertical Stress = 6125 kPa 


Excavation Stage 5 
Ko = 0.75 
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FIGURE 6.17.61 Stresses Following Shaft 
Excavation Stage 5 
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Stresses Following Shaft 
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Radial convergence of the shaft wall is plotted as a function 
of horizontal support pressure in Figure 6.19, a ground response 
curve. It is interesting to note that the horizontal stress (or 
support pressure) in the oil sand actually increased slightly during 
removal of vertical overburden stresses above the oil sand deposit 
in excavation stage 1. Stress changes in an element of oil sand 
immediately adjacent to the shaft “excavation during the six 
excavation stages are illustrated in the stress path plot shown in 
Figure 6.20. Although the stress path in the element of oi|I sand 
during excavation is complex, the stress changes are very small and 


do not increase the shear stress level substantially. 


Larger stress changes would be predicted for other’ shaft 
excavation techniques using other temporary support systems such as 
artifical freezing and/or shotcrete (NATM) because of the lower 
support pressures provided during excavation when using these 


techniques. 


6.4 Stress Changes and Deformations Adjacent to a Shaft During 
Thermally Enhanced Of! Recovery 


6.4.1 Problem Description 


Figure 6.21 illustrates the problem to be analyzed in this 
section. The shaft excavation described in section 6.3 
penetrates a 20 m thick layer of oi! sand buried at a depth of 
400 m. It was assumed that thermally enhanced oil recovery 
processes are being carried out in a production zone, radially 
symmetric about the shaft. It was also assumed that steam 


injection and production in this zone cause a step temperature 
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FIGURE 6-20 
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FIGURE 6.21 The Shaft Problem 


“hii 


4 
Ce etl 


dane 


nay 
rae : 


a a 
ie i 
x “at 


q 


a 


ra 


a be 
Ae 

i 

' 
bray s 


6 


‘ F ‘ 
Lynd ; 
4 \ Ay 
vt i A 
oe 
‘ 
Le a, - 


SA ib hae Pea 
Peay) ee aah 
a 
‘ J . { 


Page 376 


of 200°C and initial excess injection pressure of 2 MPa at a 
radially symmetric boundary located 70 m from the centre of the 
shaft. This configuration introduces the concept of leaving a 
"protective pillar" of oi! sand around a shaft or deep tunnel 
as a buffer against dynamic injection and heating activities in 
the production zone. Dimensioning such a pillar requires 
evaluation of stress changes and deformations adjacent to the 


shaft with time. 


Initial stresses and pore pressures at mid-depth in the 
oil sand layer prior to shaft excavation, heating and injection 


were assumed to be: 


(i) sinttiadl: Vertical Stress; @\55 Of 9229 kre 

(2). Initial Pore Pressure, P,, of 3100 kPa 

(3). Initial Vertical Effective Stress, a. 5,-0f 6125 kPa 
(4) Ratio of Horizontal to Vertical Effective Stresses, 
Of 0.75. (ise. Initiala \horizontain, etrective 


Ko 


stress, oy", of 4600 kPa). 


Stresses and pore pressures may be altered from the 


initial conditions outlined above by: 


(1) Shaft excavation and installation of a permanent 


ground support system; 


(2) Development of the production zone including well 


drilling, hydraulic fracturing etc.; 


wtf ‘alien 


‘ 
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(3) High pressure injection and heating within the 
production zone; and 

(4) Transmission of excess pore pressure and _ heat 
transfer beyond the zone of enhanced oil recovery 


(the production zone), toward the shaft. 


Stress changes and deformations resulting from development 
of the production zone as described in items (2) and (3) of the 
proceeding paragraph are not predicted specifically in finite 


element analyses in this chapter for several reasons: 


(1) Proposed schemes for developing inter-wel | 
communication and promoting sweep efficiency in oil 
sand reservoirs vary widely depending upon such 
factors as geologic facies and the cost-effectiveness 

‘ of various well completion configurations. 

(2) Production. | zone development concepts, i.e. 
"production scenarios", are typically complex 
involving multiple injection cycles; and finally 

(3) The primary purpose of the following analysis is to 
illustrate important aspects of the numerical 
modelling procedure, rather than to provide 


site-specific numerical results. 


Detailed analyses required for practical applications must 
include evaluation of the stress changes and deformations 
resulting from a _ specific production zone "development 
scenario". This phase of oi! sands project planning and design 


obviously requires close liaison between reservoir and 


geotechnical engineering specialists. 
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Heat transfer from the specified production zone boundary, 
i.e. from the 70 m radius, toward the shaft, is assumed to 
involve thermal diffusion only, in the following analyses. 
This assumption is consistent with specified boundary 
conditions. Convective heat transfer would be important if 
drainage or depressurization facilities were provided near the 


shaft causing flow toward the shaft. 
6.4.2 Influence of Injection Pressure 


The development of excess pore pressure in_ situ is 


influenced by injection pressure as well as by heating. 


It may reasonably be assumed that massive injection at 
pressures exceeding the minimum principal total stress, will 
cause the magnitude of horizontal total compressive stresses to 
increase’ under conditions of lateral constraint. Vertical 
stress would not be expected to exceed the total overburden 
stress since increases may be relieved by vertical heave. The 
pore pressure response to undrained total stress changes (in 
terms of principal stresses) is given by the following 


relationship (after Skempton, 1954); 


Au =[B Ao,+ A (Ag,-Ao,)] (6.1.0) 


If it is assumed that the major and minor principal stress 
orientations are vertical and horizontal, and that horizontal 


stress change is equivalent to the magnitude of the injection 


4 
f 


Pe ioe ’ 
. - a 
on ‘a Ot be 
te ; 


PW & a 
bieath n 
tk 

le Te 


A NA 
res ear aa | \ cea " . : Lt 
bs a Wes, Bu ia ai ies ¢ ; f ; . a Oe ere). eltanot gare ie o in a 
ie ee, bien, : i" Peak ai. Ne ate | | ear r perit: - 
YE ane Pith ral Oe 
‘GO? iW 


we 
is ie 9 : 

c i mG a 
ch Othe ads ” ‘ 


CRA | ie bes tau R. Re aa 
Ceci Lag! aint i wee) si hii | oy ; 4 
Web ags Ne, tent, utensil 4 yh taat ‘i toliatpelss 
¥ collet : a) a : ay vk ; ui a A eRe ‘ ny 2, twa wore : Doak 
inhi), | Aa ae mame a 2, : 


vt ; p ‘ ws 
Ly i 
ot ' vt ‘ : 


Page 379 


pressure in excess of the original horizontal stress, then: 


Ao,= Ao. =n 

Ao. = a a COmith) 
a, OE (Pina 7 %xO! 

Ae Bi tA) (2 Cae) 


Typical values of the coefficients B and A for dense oi! sand 
saturated with liquid pore fluids of low compressibility are 
0.7 to 0.8 and 0.2 to 0.4, respectively. Massive injection 
into liquid saturated oil sand would result in pore pressure 
increase; 
Au = 0.84 (P Name aE On enone - Oo.) 

or Aus~ Paging 
Therefore, injection pressure in excess of the origina! 
horizontal total stress would cause a rapid increase in pore 
pressure approximately equivalent to the excess amount of the 


injection pressure. 


In cohesionless oil sands, a parting, i.e. hydraulic 


fracture, is created when the injection pressure exceeds the 


minimum principal total stress. The difference between 
injection pressure and minimum principal stress, i.e. 
(Pindee = so.uor, required” \ To (extends ame parting (ain son! 


sand is not large. Although oi! sands injection mechanics is 
not well understood, it is postulated that at distances remote 
from the parting, the pore pressure increase due to total 
stress increase during injection is generally not large because 


of pressure decline as the parting extends. 
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The magnitude of the B parameter for oi! sands may be less 
than 0.7 - 0.8 if the compressibility of the constituent pore 
fluids is increased by such factors as temperature increase or 
the presence of undissolved gaseous pore fluids. As discussed 
in Chapters 3 and 4, the compressibility of water and bitumen 
at ambient temperatures less than 20°C is low,’ i.e. 
approximately 4.0 x 1072 | kPat | over a range of 
pressures from 0.1 to 15 MPa. Increasing the temperature of oi| 
sand to 300°C has the effect of reducing compressibility of the 
pore fluids to the extent that the magnitude of the B parameter 
is reduced to 0.2 - 0.3 at pressures above the saturation 
pressure. The presence of undissolved gaseous pore fluids has 
the effect of reducing the initial pore pressure response to 
total stress change because of the large compressibility of 
gases, i.e. the B parameter is reduced. The pore pressure 
response following a total stress change is time-dependent due 


to gas exsolution/ sorbtion processes (see Sobkowitcz, 1982). 


Sustained injection at pressures less than the minimum 
principal total stress may also result in shear failure and/or 


hydraulic parting if the magnitude of the minimum effective 


principal stress, 93', approaches zero. 


Ishijima and Roegiers (1983) and Horsrud et al. (1982) 
have recognized that hydraulic fracture initiation depends on 
formation pressures and injection fluid viscosity. They 
observed that fractures are initiated at pressures below the 


"breakdown pressure", particularily in materials of high 
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permeability. When heated water or condensed steam Is being 
injected the magnitude of excess pore pressure (i.e. pore 
pressure exceeding the initial in situ pore pressure) is the 
algebraic sum of excess injection pressure and thermally 
generated excess pore pressure. Transmission of injection 
pressure greater than the initial in situ pore pressure Po, but 
less than the minimum effective principal, siress,7)02'% 
through the medium is governed by the consolidation process, 


i.e. hydraulic diffusion. 


Injection at intermediate pressures, between the minimum 
effective and minimum: orn principal “stresses, |.e. oz" < 
Pin ass will also cause shear failure and/or 
hydraulic parting. The rate of extension of the fracture or 
parting, in this case, depends upon hydraulic diffusivity of 
the porous medium. Partings may be expected to extend more 
rapidly in high permeability materials than in low permeability 


materials. 


Injection at pressures less than the minimum total 
principal stress, oz, is generally not considered to be an 
efficient hydraulic fracturing process. However, injection of 
heated fluids at lower pressures, in many circumstances, has 
been found to improve the "sweep efficiency" of thermally 


enhanced oil recovery processes in oil sands. 


The injection pressure applied at the production zone 


boundary in analyses of the shaft problem was 2 MPa. This 
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injection pressure is less than the minimum effective principal 
stress, i.e. 0,' = 4.6 MPa, and therefore does not cause 


parting of the -formation. 


6.4.3 Boundary Conditions 


Boundary conditions applied in the heat transfer analysis 


of the shaft problem illustrated in Figure 6.21, included: 


1. Free heat flow at the ventilated shaft wall with no 
temperature increase; and 
2. Constant 200°C temperature at the production zone 


boundary (R=70 m). 


Consolidation analysis boundary conditions included: 


1. A "no-flow' or reflection boundary at the impervious 
shaft wall; and 

2. Free drainage and constant pore pressure equivalent to 
the initial pressure plus excess injection pressure of 


2 MPa at the production zone boundary. 


A range of boundary conditions were considered in thermo- 


elastic stress-strain analyses: 


1. The shaft wall was assumed to be supported by a 
constant horizontal pressure equivalent to the 


hydrostatic drilling mud support pressure applied in 
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the excavation analysis in section 6.4.3. ae this 
boundary condition has obvious’ limitations when 
compared with the deformational resistance provided by 
a compressible steel or concrete shaft lining system. 
The bottom of the shaft wall at the base of the oi! 
sand layer was fixed vertically by a "roller" 
support. 

2. A constant effective overburden pressure was applied 
over the surface of the oil sand layer. 

3. A rigid boundary condition ("rollers and pin") was 
applied along the base of the oi! sand layer. 

4. Three different boundary conditions applied at the 
production zone (R=70 m) are illustrated in Figure 
Oleic The’ wigid boundemyir Give roller) “and the 
constant pressure boundary are extremes while the 


compressible boundary is an intermediate condition. 


The question aeices concerning which of the three boundary 
conditions illustrated in Figure 6.22 is appropriate. Oi! sand 
adjacent to the production zone boundary is subjected to large 
temperature gradients and therefore thermal stress changes and 
deformations are greatest near this boundary, particularly 
during the early stages of heating. Numerical modelling 
results presented later in this section illustrate that vastly 
differing stresses and deformations are predicted descaling 
upon which boundary condition is used. Clearly, oil sand in 
the production zone is compressible. lf effective confining 


stresses in the production zone are very low because of 
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FIGURE 6.22 Stress/Displacement Boundary 
Conditions at the Production Zone 
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elevated injection pressures and thermally generated excess 
pore pressures, then the oil sand within the production zone 
could be very compressible (i.e. E is a function of effective 
stress), and the constant pressure boundary condition is 
approached. Conversely, if effective confining stresses in the 
the production zone are large and the production zone is 
expanding (due to drained heating), then the rigid boundary 
condition may be more appropriate. It is most important to 
recognize that the appropriate boundary condition within or 
adjacent to the production zone is controlled to a _ large 
extent, by the "production scenario". In fact, compressibility 
of oi! sand within the production zone is likely to vary 
dramatically both spatially and with time as the injection, 


heating and production processes proceed. 


6.4.4 Transient Heating and Consolidation of Saline Creek Oi| 
Sand 


Numerical ana Weee of the shaft problem described in this 
section were carried out using material properties of Saline 
Creek oi! sand. It is recognized that the nearly pure 
quartzose minerology and limited content of fine clay and silt 
size particles in Saline Creek oil sand are not typical of 
other oil sand deposits. As discussed in Chapter 5, the 
minerology and grain size distribution of Saline Creek oil sand 
result in much greater permeability than might be observed in 
other oil sand or shale materials. Transient heating of Saline 


Creek oi! sand consequently does not result in large thermally 
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generated excess pore pressures, and is thus closer to the 


"drained" heating condition. 


A numerical modelling procedure for transient heat 
consolidation problems is described and the influence of 
boundary conditions imposed adjacent to the high temperature 
gradients at the production Jone are illustrated in three 


thermoelastic stress analyses. 


6.4.4.1 Transient Temperatures, Pore Pressures and 
Volumetric Expansion 


Transient temperatures, pore pressures and volumetric 
expansion were predicted using the~ radial heat 
consolidation theory and analytical methods outlined in 
Chapter 5. This analytical approach assumes constant, 
equal fofal “stresses sles Kk.) = 91.0), «during heating. 
Pore pressure changes resulting from total stress changes 
during heating are therefore, not calculated in this 
analysis. Further analytical development is required 
before the precise. influence of this assumption can be 


evaluated. 


Predicted radial distributions of temperature between 
the shaft and production zone for various heating periods 
up to 4 years are plotted in Figure 6.23.1. Transient 
excess pore pressures resulting from injection during the 


first month are shown in Figure 6.23.2. It is apparent 
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that the effective injection pressure in the production 
zone is transmitted rapidly through the oi! sand layer 
toward the shaft. Transient thermally generated excess 
pore pressures are plotted separately in Figure 6.23.3 for 
heating periods up to 4 years. Thermally generated pore 
pressures are relatively small. Volumetric strains due to 
transient heating, injection and consolidation may be 
predicted using theory developed in Chapter 5 by the 
following equation: 


Av (6.12) 


—=a tT+cAg' 
Vv pr& eae cd 


For the assumed condition of constant , equal total! 
Stresses (K, = 1.0), the total stresses,Ag = 0. Excess 
pore pressure change, Au, is due to both injection and 
heating. Volumetric strains due to injection and heating 
are introduced into thermoelastic stress-strain 
calculations through a coefficient of thermal expansion, 
ay. The appropriate value of the thermal expansion 
coefficient for a finite volume of the oi! sand medium is 
determined by dividing the volumetric strain calculated 
using equation 6.12 by. the temperature increase of the 
element of oi! sand: 

(6.13) 


a =(a,, AT + C Au) / AT 


Radial distributions of the coefficient of volumetric 


thermal expansion, @,, calculated using equation 6.11 
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FIGURE 6%23. 1 Transient Temperatures Around the 
Shaft 
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FIGURE 6.23.2 Transient Excess Pore Pressures Due 
to Injection Around the Shaft 
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RADIUS (a ) 


“FIGURE 6.23.3 Thermally Generated Excess Pore 
Pressures Around the Shaft 
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FIGURE 6.23.4 Transient Volumetric Expansion 
Around the Shaft 
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for heating periods up to 4 years are plotted in Figure 
6.23.4. Transient distributions of temperature shown in 
Figure 6.23.1. and the equivalent thermal expansion 
coefficient shown in Figure 6.23.4 may now be input into a 
thermoelastic stress-strain analysis to determine induced 
stress changes and deformations under appropriate boundary 


stress and displacement conditions. 


Elastic stress-strain moduli, in general, would vary 
throughout the medium with time in response to changes in 
effective confining stresses during injection and 


transient heating. 
6.4.4.2 Rigid Boundary at the Production Zone 


The spatial distributions of temperature = and 
coefficient of thermal expansion described in the 
preceding section (6.4.4.1) were input into a series of 
thermoelastic analyses at times corresponding to various 
heating periods up to 4 years. The axisymmetric finite 
element mesh and boundary conditions used in the analyses 
are shown in Figure 6.24. Total stress changes are 
calculated in the thermoelastic analyses. Since the heat 
consolidation, ratio, R+,, for Saline) Creek oll sand 1s 
relatively high, i.e. due to the relatively large value 
of cy, thermally induced pore pressure changes shown in 
Figure 6.23.2 are small. Effective confining stresses, 


therefore, are expected to remain reasonably constant 
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during transient heating of the oil sand. The stiffness 
of the oil sand accordingly, would not be reduced 
substantially due to reduction of effective confining 
stresses, however, stiffness does decrease with deviatoric 
stress level as discussed in section 6.2. Since elastic 
moduli cannot be varied with stress level in linear 
thermoelastic solutions, a constant "average" value of 


2000 MPa was used for the modulus of the elasticity, E. 


Thermally induced stress changes and deformations 
within the oi! sand layer adjacent to the shaft were 


calculated at the following heating periods: 


a at months 

b) 6 months; 

Cy iy Can; 

dy 2 years; and 


e) 4 years. 


Total stress changes, deformations and effective stresses 
following 1 month are shown in Figures 6.25.1, 6.25.2 and 
6.25.3, respectively. Total stress changes, deformations 
and effective stresses following 1 year are also presented 
tn, Rlqures 6.25.4, 6.25.5 and ,6.25.6,. and following 2 


years in Figures 6.25.7 to 6.25.9. 


Results of analyses following 6 months and 2 years of 


heating and injection are included in Appendix L, Figures 
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Duration of Heating € Injection = 1 Month 


LEGEND 
&—s Radial Stress 
e—e Tangential Stress 
@——s Vertical Stress Change 


RADIUS () 


FIGURE 6.25.1 Stress Changes Around the Shaft 
After 1 Month of Steam Injection 


FIGURE 6625-7 Deformations Around the Shaft After 
1 Month of Steam Injection 


DISPLACEMENT SCALE 12100 


hae hy 
eee 
L 
i 1 4 
ar 
- ie 
a 


cage 


soak ry gfe sat Sree wig 
al, "pak an» wf thd? 


ae 


STRESS ( MPa ) 


18 


13 


10 20 


FIGURE 6.25.3 
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LEGEND 
Radial Stress 
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RADIUS 


Effective Stresses Around the Shaft 
After 1 Month of Steam Injection 
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Duration of Heating € Injection = 1 Year 
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FIGURE 6.25.4 Stress Changes Around the Shaft 
After 1 Year of Steam Injection 


FIGURE 6.25.5 Deformations Around the Shaft 
1 Year of Steam Injection 
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Effective Stresses Around the Shaft 
After 1 Year of Steam Injection. 
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Duration of Heating € Injection = 4 Years 
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FIGURE 6.25.7 Stress Changes Around the Shaft 
After 4 Years of Steam Injection 


FIGURE 6.25.8 Deformations Around the Shaft After 
4 Years of Steam Injection 
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Duration of Heating € Injection = 4 Years 
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FIGURE 6.25.9 Effective Stresses Around the Shaft 
After 4 Years of Steam Injection 
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L1.-1 to L2.2, inclusive The three plots presented for 


each analysis show: 


a) 


b) 


e) 


thermally induced radial, tangential and vertical 
stress changes at mid-depth in the oj! sand 
layer; 

thermal ly tnaucededercnaarion vectors; and 

current radial, tangential and vertical effective 
stresses at mid-depth. Effective stresses were 
determined by superposition of (i) initial 
effective stresses, (ii) stress changes due to 
Ne WE (iii) excess pore pressures due to 
injection and heating, and (iv) thermally induced 


total stress changes. 


Several interesting observations are forthcoming from 


this series of analyses: 


Thermal loading has the effect of increasing 
radial and tangential stresses without substantial 
increase in the vertical stress. This is due to 
the condition of lateral constraint applied at the 
production zone boundary. The original effective 
stress condition described by K, of 0.75 was 
altered throughout the mesh causing the stress 
ratio K, to increase. Effective stresses, (i.e. 
O-', Og' and 97') have been reduced by 


excess pore pressure due to. injection § and 


heating. 


ee or ee bya is ail Ly ma ie 
LR RR eS NE 
Co eae rs albae be ; H 


ye? betineneig | 


a, yy, : 
"Antares, intent faa 
P _ oy Ate Z i 
é ey 4 it} aft { wal : i aca te ee 
f i ve 
‘ ines re tty | i 


ni Fi Geir 1a 
i a we ocd ee ss I ay 
Rae ye STE GE Rhee 


la a * iy 4 ht ‘ w] 
a ae et ) ation att Too sity’ 
i 7 iia rey Ve Pek 
d * 


WK cas oO a aR fre, aioe | ~ 
bs en a ede a te ‘ re |) pte : A F: f 
AE ONE) Hey ME. A ot aS a eee ohana reerte 


RE Ae cae aa Sh all rele bain 
i | He ah sia anal awit} ne 


h ta 
, j } , 
ry H ce aS 
r is 
a) mm ae 
: alge a! vei 
‘ee ov 
; P ps 
i} : 
( ‘i , Nth oee 
f 


Page 400 


There is a zone of stress and displacement 
perturbation which migrates away from the 
production zone boundary and attentuates with time 
of heating. The location of the _ stress 
perturbation corresponds with the maximum thermal 
loading which is governed by the product aAT; 
both @ and AT vary spatially and with time in 
These analyses as described in sub-section 
Grea cl. 

A severe limitation of linear elastic theory for 


thermal stress-strain modelling is introduced by 
these numerical results. The magnitude’ of 
predicted deformations is greater during the early 
stages of heating than at later times. This jis 
illustrated in Figure 6.26 in which the radial 
convergence of the shaft wall actually decreases 
during the early heating period. This paradox 
arises from the fact thet stress perturbation is 
greatest near the rigid, high temperature 
gradient, production zone boundary during the 
early stages of heating before thermally generated 
excess pore pressures dissipate. The deformations 
predicted during the early stages of heating and 
injection would be largely non-recoverable in oil 
sand. The introduction of the rather severe rigid 
boundary condition at the high temperature 
gradient production zone boundary and the use of 
linear elastic theory thus yield questionable 


numerical results. 
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Constant Support Pressure @ Shaft = 41 MPa 


600 800 1000 1200 
TIME OF HEATING C Days ) 


Predicted Radial Convergence of the 
Shaft: Rigid Boundary Condition 


1400 


’ ray ; a ‘ 
: ‘Lois hie yaar 1 
ah is 
i 
5 ay 


} 
t J 5 
© ob 
a i ry ih 
t AnH an 
: H Re a3 ne 
i ¥ i } 
he o 
* 
i 
| 
; 
a / 
ax! 
} ; 
--t 
-* = 
t, 
wk, \ 
Rat 
, 
\ 
a 
hae’ . Se ae : 
. ee ihe oe 
ny me A, Soren a 
PALS erat Ry 
i Yn at f ‘ ae 
hy as ht } 
oe - ' , 
1M ( : >t sap 
se < ah Se tes wit 
; - mae ' : 
, ‘ - ole in 
“ rAd fa te a 
' ; id 
Git, Nott f = } 
a 
' ‘ 
woe ~ y i 
: ; Ip X ~? , , 
; ; an vA , 
‘ ‘ rs 
< re j , ; te i 
i . 
‘ i} . i be 
ee . ‘ ; : 
i 1a | > 
.. J : F . 
i ; } j ! 
r y 
; ; * 
ae = 
i 
a 1 
: La | = 
2 wf ‘2 ct o j i Ce ie 
: é i i i 
= i é ; 7 
i i, 1) Gf 
if . y : 
\ oh: ae fl f 
1} 7 woe 4 i - i 
‘ : a 
tne \ re 


Page 402 


6.4.4.5 Constant Pressure Boundary Condition at the 
Production Zone 


The same axisymmetric finite mesh used in the previous 
section was used in a second series of analyses with a 
constant pressure/free Top Geers eS condition at 
the production zone. The mesh and boundary condition are 
shown in Figure 6.27. The horizontal pressure applied at 
the production zone boundary was equivalent to the initial 


horizontal effective stress. 


Transient temperatures and volumetric strains 
determined in section 6.4.4.1 were again applied; 
thermoelastic stress-strain analyses were carried out for 


injection and tnermal loading conditions corresponding to 


heating periods of: 


2) 1 month; 
do) 1 year; and 


c) 4 years. 


Stresss changes, ground deformations and current effective 
stresses predicted for the above periods of heating and 


injection are shown in Figures L3.1 to L3.9, inclusive, in 


Appendix L. 


Application of the constant pressure boundary 
condition resulted in stress reduction and horizontal 


components of deformation of opposite signs (i.e. tension) 
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SHAFT 


FIGURE 6.27 


Finite Element Mesh for Thermoelastic 
Analysis of Stresses and Deformations 
Around the Shaft with a Constant 
Pressure Boundary Condition at the 
Production Zone 
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compared with results of the rigid boundary analysis 


described in section 6.4.4.2. 


The dramatic differing stress-deformation predictions 
obtained by altering the boundary condition at the 
production zone illustrates that the selection of 
appropriate boundary oaaicior for this class of thermal 
stress analyses jis not trivial. Predicted negative 
convergence (i.e. divergence) of the shaft wall with time 
shown in Figure 6.28 results in development of tensile 
stresses. Again, the magnitudes of predicted deformations 
during the initial phases of heating were greater than 
those at later times for similar reasons to those 


discussed in -section.6.4.4.2. 


6.4.4.4 Compressible Boundary Condition at the Production 
Zone Boundary 


In order to introduce a compressible boundary 
condition at the production zone, the finite element mesh 
was extended as illustrated in Figure 6.29. Oil sand 
within the production zone was maintained at 200°C and 
constant excess pore pressure of 2 MPa throughout the 
analyses. The stiffness of the production zone oi! sand 
was accordingly assumed to be equal to that of the 
adjacent oil sand, as characterized by a constant value of 
Young's Modulus, E, of 2000 MPa. Transient injection and 
thermal loading described in subsection 6.4.4.1 was 


applied in oil sand adjacent to the production zone at 


times corresponding to heating periods of: 
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200 © 4oo 600 800 1000 1200 1400 
TIME OF HEATING ( Days ) 


FIGURE 6.28 Predicted Radial Convergence of the 
Shaft: Constant Pressure Boundary 
Condition 
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a) 1 month; 
b) 6 months; 
c) 1 year; and 


d) 4 years. 


Distribution of stress changes, ground deformations and 
current effective stresses corresponding to the above time 
levels are plotted in Figures L4.1 to L4.12, inclusive, in 
Appendix L. Numerical results presented in this 
subsection are intermediate between the two extreme cases 


summarized in subsections 6.4.4.2 and 6.4.4.3. 


A zone of stress-displacement perturbation is again 
observed migrating toward the shaft and attentuating with 
time. Horizontal components of the displacement vectors 
are bi-directional. Predicted radial convergence of the 
shaft wall with time is shown in Figure 6.30. Although 
these analyses predict that the shaft wall will converge 
monotonically with time, it should be noted that the 
magnitude of predicted deformations throughout the mesh 
does not increase- monotonically. The foregoing 
observation is again due to limitations inherent in using 
a linear elastic constitutive relationship. A substantial 


proportion of deformation of oil sand is non-recoverable. 


6.4.4.5 Disscusion of Thermoelastic Stress-Deformation 
Analyses In Saline Creek Oi! Sand 


Several difficulties in numerical analysis of stress 
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Constant Support Pressure @ Shaft = 4.1 MPa 


200 4Ooo 600 800 1000 1200 1400 
TIME OF HEATING ( Days ) 


FIGURE 6.30 Predicted Radial Convergence of the 
Shaft: Compressible Boundary 
Condition 
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changes and deformation induced by injection and- heating 


have been 


identified: 


Material properties used in thermoelastic stress- 
strain analyses such as. the coefficient of 
thermal expansion, a@ , and the modulus = of 
elasticity, Es vary both spatially and 
temporally, with changes in effective confining 
stress. It was considered reasonable to assume a 
constant value of E in relatively free-draining 
Saline Creek oil sand for the preceding analyses. 
In general, it is necessary to vary E in space 
and time with effective confining stresses. 
Volumetric expansion results from elevated 
injection pressures, thermally induced pore 
pressures and thermal expansion of the solid 
skeleton. Thermal stresses must therefore be 
calculated using values of the coefficient of 
thermal expansion and temperature which generate 
the appropriate volumetric strains. 

Linear elastic stress-strain relationships are 
inadequate for modelling thermally induced 
effective stress changes and deformations because 
a substantial proportion of the deformations in 
oil sands, and many other soils and rocks, is 
non-recoverable. Also, yielding and_= stress 
redistribution cannot be modelled numerically 
using a tinear elastic constitutive relation- 


ship, unless different elastic moduli are applied 
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for loading and unloading in terms of effective 
Sieess, and 9a’ /itoad shedding algorithm is 
incorporated in the analysis. 

Predicted patterns and magnitudes of thermal 
stresses and deformations are very sensitive to 
boundary conditions in the vicinity of a high 
temperature gradient. The selection of an 
appropriate boundary condition is very much 
dependent upon "the heating and injection 
scenario" as well as the heat consolidation 
characteristics of the reservoir materials. 
Figure OS summarizes radial convergence 
predictions for the shaft problem in Saline Creek 
oi! sand. Deformation predictions in Figure 6.31 
correspond to radial stress/displacement boundary 
conditions illustrated in Figure 6.22, applied at 
the production zone boundary. Not only are the 
magnitudes of predicted deformations influenced 
by this boundary condition, but the predicted 
direction of radial displacement may actually be 
reversed, in elastic materials. Nevertheless, 
the magnitudes of deformations predicted in these 
analyses are relatively small because of the 
free-draining characteristics of Saline Creek oi| 
sand. 

The magnitudes of predicted stress changes and 
deformation are larger during the early stages of 
heating and injection than in the long term. 


Also stress perturbations move away from the 
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Constant Support Pressure st Shaft = 4,1 MPa 


600 800 1000 1200 1460 
- TIME OF HEATING ( Days ) 


Comparison of Shaft Wall Convergence 
Predictions Using Various Boundary 
Conditions at the Production Zone 
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production zone boundary and attenuate with time. 
This is due to: (i) reduction of the temperature 
gradient at the production zone with time, (ii) 
migration of thermally generated excess pore 
pressures away from the production zone boundary 
and (iii) attentuation of pore pressures with 
time. Yielding of overstressed material and 
associated stress redistribution during the early 
stages of heating cannot be modelled using linear 


thermoelastic relationships. 
6.4.5 Dralned and Undrained Analyses 


Thermoelastic stress-strain analyses require knowledge of 
appropriate material properties including elastic stress-strain 
moduli (i.e. E, ») and coefficients of thermal expansion. It 
is recognized that these material properties vary with 
temperature for many soils and _ rocks. The experimental 
research described in Chapters 3 and 4 indicated that these 
material properties, in fact, vary to a greater degree with 
effective confining stresses than with temperature, for 
quartzose oil sands. This observation implies that the 
appropriate values of stress-strain moduli and thermal 
expansion coefficients vary both in space and time with 
effective stresses and/or pore pressures, and to a lesser 
extent with temperature during transient heating and 
consolidation. The influence of thermal pore pressure 
generation during transient heating of porous soils and rocks 


in general, must be considered in stress-strain analyses, 
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particulary for materials having relatively low values of the 


heat consolidation ratio. 


Material properties, i.e. elastic moduli and thermal 
expansion coefficients, generally are assumed to have constant 
values independent of space and time, or to vary with 
temperature. Neither of these assumptions account for material 
property variations due to injection or thermally induced 
effective stress changes. Accordingly, it would seem 
attractive to invoke the assumptions of fully drained or 
undrained pore pressure response in order to link effective 
stresses with temperature only, and to determine lower and 
upper bound solutions. Based on experimental and analytical 
results for Saline Creek oil sand, drained analysis is 


considered prudent for oil rich oil sands. 


Drained Conditions: 


The assumption of fully drained conditions implies that no 
excess pore pressure will be generated by total stress changes 
or thermal loading. Accordingly, material properties are not 
altered by transient effective stress changes and soi! or rock 
properties will vary directly with temperature when fully 


drained conditions are assumed. 


It is reasonable to assume constant material properties 
(a, E) for quartzose oi! sands subjected to temperatures up to 


200°C - 300°C, when fully drained conditions are assumed. 
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The shaft problem analyzed in section 6.4.4.4 was 
reanalyzed assuming fully drained conditions and constant 
material properties (i.e. E,»,@). The compressible boundary 
condition was applied at the "production zone" boundary. An 
effective excess injection pressure of 2 MPa was again applied 
at the production zone boundary. Transient temperature changes 
presented in subsection 6.4.4.1 were applied in the sands 
adjacent to the "production zone" at times corresponding to 


heating periods of: 


a) 1 month; 
b) 1 year; and 


c) 4 years. 


Thermal stress changes, ground deformations and current 
effective stresses predicted for the above heating time periods 
are plotted in Figures L5.1 to L5.9, inclusive. Predicted 
stress changes and ground deformations are relatively small, 
however, they do increase monotonically with the time of 
heating. Radial convergence of the shaft wall with time is 


plotted in Figure 6.32 for the drained heating analysis. 


Undrained Conditions: 


a) Undrained Analysis #1: 


The simplest approach for modelling thermoelastic stresses 
and deformations during undrained heating is to assume that the 


coefficient of thermal expansion is constant in time and space, 
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Constant Support Pressure @ Shaft = 41 MPa 
Compressible Boundary Condition at Heating Front 
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FIGURE 6.32 
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Predicted Radial Convergence of the 
Shaft During Drained Heating 
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and that elastic moduli are either constant or vary only with 
temperature. The shaft problem was analyzed using a constant 
value for the undrained volumetric coefficient of therma! 
expansion, a@,, of 3.0 x 1074 ec-l and =a constant 
value of Young's Modulus, E, of 2000 MPa. Calculated thermal 
stress changes and deformations are presented in Figures L6.1 
to L6.6, inclusive of Appendix L, corresponding to transient 
heating periods of 1 month, 1 year and 4 years. Effective 
stresses could not be determined since pore pressures were not 
calculated. Thermal stress changes and deformations increase 
monotonically with time of heating and are larger than 
comparable stress changes and deformations calculated in the 
drained heating analysis by an amount proportional to the 
difference between a,, and @pa.- Although straightforward, 
the foregoing analytical approach does not correctly model the 
physics of undrained heating. Undrained heating of a porous 
mererials by definition, results in generation of excess 
pressures and effective stress changes. Material properties 
including elastic moduli and thermal expansion coefficients 
vary proportionally with effective stress and pore pressure 
changes. In fact, the shear strength and modulus of elasticity 
for oil sand and other soils and rocks approach zero as the 
effective stress approaches zero. Effective stress changes 
must therefore be evaluated in order to model even the 


simplified case of undrained heating. 


b) Undrained Analysis #2 (TRANSIENT UNDRAINED HEATING): 


The assumption that undrained conditions prevail implies 
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that pore fluids within the porous medium are immobile. The 
distribution of undrained, thermally generated excess pore 
pressures is therefore, strictly a function of the temperature 
distribution, assuming that total stresses remain constant. 
Since pore pressures (and effective confining stresses) vary 
with temperature, the stress-strain moduli and shear strength 


also vary in space and time with temperature. 


The shaft problem was reanalyzed assuming transient 
undrained heating conditions. Calculated radial distributions 
of temperature increase, excess pore pressure and volumetric 
expansion are shown in Figures 6.33.1. to 6.33.3, inclusive. 
Excess pore pressure due to injection is constant at 2 MPa for 
reasons discussed in section 5.7. Radial distributions of the 
equivalent coefficient of volumetric thermal expansion for 
transient undrained heating corresponding to several heating 
periods are shown in Figure 6.33.4. The modulus of elasticity, 


E, was varied with effective confining stress according to the 


following relationship: 


Ete, ©) eee 
Saas [2 - 31e-t) “| (6.14) 


Radial distributions of the Produiue ratio in equation 6.14, 
corresponding to several undrained heating periods up to 4 
years are shown in Figure 6.33.5. Variation of the coefficient 
of thermal expansion and modulus of elasticity with temperature 


are plotted in Figures 6.33.6 and 6.33.7, respectively. 
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FIGURE 6.33.1 


FIGURE 6.33.2 


RADIUS ( a ) 


Transient Temperatures Around the 
Shaft 


Transient Excess Pore Pressures Due 
to Undrained Heating and Injection 
Around the Shaft 
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of thermal expansion and modulus of elasticity determined in 
the foregoing undrained heating analysis were input into 
thermoelastic stress analyses at times corresponding to heating 


periods of: 


a2) | months 
b) 1 year; and 


c) 4 years. 


It should be noted again, that since variation of material 
stiffness with deviatoric stress level cannot be accounted for 
explicitly in linear thermoelastic solutions, an "average" 
value of 2000 MPa was used for the initial modulus of 
Slasriciny, EG... in equation 6.14 Thermal stress changes, 
deformations and current effective stresses around the shaft 
are plotted in Figure L7.1 to L7.9, inclusive, at times 
corresponding to the above heating periods. Effective stresses 
near the production zone are reduced because of thermally 
generated excess pore pressures. In fact effective stresses 
approach zero near the production zone. Spatial variations of 
the modulus of elasticity and coefficient of thermal expansion 
with time alter the pattern and magnitudes of predicted stress 
changes and deformations. Stress changes and deformations do 
not increase monotonically throughout the mesh during transient 
undrained heating as predicted in the foregoing simplified 


undrained heating analysis (i.e. using constant material 


properties). 
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Radial convergence of the shaft wall with time predicted 
in each of the two preceding undrained heating analyses is 
plotted (for comparison) in Figure 6.34. The limitations of 
linear thermoelastic stress-strain modelling for this class of 
problems are again illustrated. Predicted radial convergence 
of the shaft wall actually decreases with time for the second 
analysis using variable material properties. This is due to 
the increasing size of the "softened" zone adjacent to the 
production zone with time, which has the effect of damping 
radial deformations at the shaft. In fact, these deformations 
are predominantly non-recoverable (inelastic) and therefore 


would not be expected to decrease with time. 


One further unsettling complexity arises from _ the 
observation that the undrained heating condition is not 
necessarily an upper bound prediction of thermally induced 
stress ‘changes and deformations. Rock and soil materials of 
very low permeability impede dissipation of excess pore 
pressures, however, when excess pore pressures are transmitted 
spatially within the medium, the zone of elevated pore pressure 
may be substantially larger than the heated zone, particularly 
during the early stages of transient heating. The transient 
consolidation condition may result in a more extensive zone of 
softened and swelling material due to thermally generated pore 
pressure spreading, than predicted assuming undrained 
conditions in which thermally generated excess pressures are 
assumed to vary directly with the temperature increase. 


Analytical results presented in the following section 
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Constant Support Pressure @ Shaft = 4.1 MPa 
Compressible Boundary Condition at Heating Front 


200 4oo 600 800 1000 1200 
TIME OF HEATING ( Days ) 


FIGURE 6-34 Radial Convergence of the Shaft During 
Undrained Heating 
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illustrate thermal stress changes and deformations assuming 


transient consolidation in a low permeability material. 


6.4.6 Transtent Heat Consolidation of Low Permeability Oi! 
Sand or Shale 


Transient heat consolidation analyses were carried out 
using material properties typical of low permeability materials 
such as oi! sand containing more than about 15-20 percent by 
mass of clay size particles, or shale. The following 


consolidation properties were used in the analysis: 


1. Average mass permeability of 0.01 mD 
(hydraulic conductivity of 1078 cm/s); 


2. ge lies volumetric compressibility of 1076 
kPa‘; 


3. Coefficient of consolidation of 6.0 x 1074 m2/ 
min; and 


4. Heat consolidation ratio (Ry) or 10. 


Transient radial distributions of temperature increese, 
excess pore pressures .and volumetric expansion at times 
corresponding to heating periods of 1 month, 1 year and 4 years 
are plotted in Figures 6.35.1 to 6.35.4 inclusive. it is 
noteworthy that despite the limited extent of the zone of 
elevated temperatures even after 4 years, thermally generated 
excess pore pressures and volumetric expansion have spread 


through a more extensive zone around the shaft. Excess pore 
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FIGURE 6.35.1 


FIGURE 6.35.2 
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Transient Temperatures Around the 
Shaft 
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Transient Excess Pore Pressures Due 
to Injection 
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FIGURE 6.35.4 Transient Volumetric Expansion 
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pressures shown in Figure 6.35.2 are due to diffusion of. excess 
injection pressure while those shown in Figure 6.35.3 are due 
to spreading of thermally generated excess pore pressures. The 
production zone boundary is assumed to be a constant pore 
pressure boundary. Radial distributions of the equivalent 
coefficient of volumetric thermal expansion (partially drained) 
at heating periods up to 4 years are plotted in Figure 6.35.5. 
Radial distributions of the modulus ratio (based on equation 
6.14) and reduced modulus of elasticity (i.e. due to effective 
stress reduction) are plotted in Figures 6.35.6 and 6.35.7, 
respectively. Although the magnitudes of modulus reduction are 
less than corresponding values determined in the preceding 
undrained heating analysis #2, the extent of zones of reduced 


elastic modulus are much larger here because of pore pressure 


spreading. 


Radial distributions of temperature increase, and 
equivalent coefficients of thermal expansion and modulus of 
elasticity determined in the foregoing transient radial heat 
consolidation analysis were input into thermoelastic finite 
element analyses of the shaft problem. Thermal stress changes, 
deformations and current effective stress distributions around 
the shaft at 1 month, = teyear and 4 years are shown in Figures 


L8.1 to L8.9, inclusive, in Appendix L. 


Thermal stress changes and deformations predicted in this 


transient heating and consolidation analysis are generally 


larger than comparable stress changes and deformations 
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FIGURE 6.35.6 Transient Modulus Ratio Around the 
Shaft 
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FIGURE 6.35.7 Transient Modulus of Elasticity 
Around the Shaft 
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predicted in the transient undrained heating analysis #2. The 
undrained condition is not necessarily an upper bound solution 
for predicting deformations during transient heating of low 


permeability rocks or soils. 


Radial convergence of the shaft wall predicted in these 
analyses is plotted against time in Figure 6.36. The shaft 
wall again does not converge monotonically as would be 
predicted using an. analytical model which determines 


non-recoverable (plastic) strains. 
6.4.7 Comparison of Analyses of the Shaft Problem 


Maximum principal effective stress ratios and maximum 
radial and vertical deformations calculated in each of the 
seven preceding analyses of the shaft problem are summarized in 
Table 6.3. Values of the principal effective stress ratio at 
failure for Cones toniess materials having angles of internal 
shearing resistance ranging from 30° to 50° are listed in Table 
6.4 for comparison with stress ratios tabulated in Table 6.3. 
The angle of shearing resistance of Saline Creek oil sand at 
effective confining stresses appropriate for the shaft problem 
Clive. 2 UMP a to. 6: (MPa? ranges from-aboun moon tO, 50e. 
Accordingly, shear failure may be expected for principal 
effective stress ratios greater than about 4.0 to 6.0,-or if 
tensile stresses develop. Note that total principal stress 
ratios are listed for undrained heating analysis #1 since 


effective stresses were not predicted in this simplified 
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Constant Support Pressure at the Shaft = 4.1 MPs 
Compressible Boundary at the Production Zone 
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Predicted Radial Convergence of the 
Shaft Due to Steam Injection in Low 
Permeability Oil Sand or Shale 
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TABLE 6.4 


PRINCIPAL STRESS RATIO AT FAILURE FOR COHESIONLESS 
SANDS BASED ON THE MOHR-COULOMB FAILURE CRITERION 


ANGLE OF SHEARING ~~ PRINCIPAL EFFECTIVE STRESS 
RESISTENCE (¢°) |____ RATIO AT FAILURE (o,’/o,’) 


analysis. 


Page 435 


Shear failure could not be predicted rationally on 


the basis of this total stress analysis. 


Several comparative observations may be summarized based 


on the data tabulated in Table 6.3: 


lke 


Shear failure of oi! sand adjacent to the production 
zone boundary was predicted during the early stage of 
heating and injection (i.e. 1 month) in each of the 
transient analyses except the drained heating 
analysis. Stress redistribution (i.e. "load 
shedding") during yielding of material adjacent to the 
production zone cannot be incorporated in linear 
thermoelastic analyses. 

Smaller maximum principal effective stress ratios were 


predicted for long term heating periods (1 year and 4 


. years). Thermally generated excess pore pressures and 


associated thermal stress perturbations move away from 
the production zone boundary and attenuate with time 
in transient heat consolidation analyses. Also, the 
temperature gradient at the production zone boundary 
decreases with time reducing the magnitudes of the 
thermally induced stress differences. 

Maximum predicted radial and vertical deformations 
listed in Table 6.3 are also larger during the early 
stages of transient heating, injection and 
consolidation (1 month) than at later times (1 year, 4 


years), for reasons discussed above. However, 
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deformations predicted in the drained analysis and 
undrained analysis #1 using constant material 
properties (@, E, wv), increase monotonically with 
time. The drained analysis provides a reasonable 
"lower bound" estimate of stress changes and 
deformations for this class of problems. The 
simplified undrained analysis however, does not 
provide an "upper bound" estimate of stress change and 
deformations since pore pressure spreading and 
variation of material stiffness with effective stress 


are not taken into account. 


The original horizontal to vertical effective stress 
ratio, Ky , prior to shaft excavation heating and injection 
was 0.75. Values of Ky adjacent to the shaft, and adjacent 
to the production zone, predicted in the foregoing analyses are 
summarized in Table 6.5. Predicted values of Ky following 
injection and heating are consistently greater than 0.75, 
except for the analysis using a constant pressure boundary 
condition at the production zone. Horizontal effective 
stresses increase more than vertical effective stresses because 
of constraint of horizontal deformations, and free vertical 
displacement when vertical stresses exceed overburden pressure. 
Calculated values of K, are also larger during the early 
stages of heating (1 month) than for long term heating and 
injection (1 year, 4 years) for the same reason that the 
maximum principal stress ratio and predicted max imum 


deformations were larger in Table 6.3. 
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Tensile stresses and reduced Kg values are predicted in 
Analysis 1 b), in which a constant pressure/disp!acement free 
boundary condition was applied at the production zone. Linear 
elastic analyses are clearly not applicable for this rather 
severe boundary condition, particularly in a cohesionless (no 


tension) material. 


Predicted radial and vertical deformations adjacent to the 
shaft wall are summarized for various heating periods for each 
of the seven analyses in Table 6.6. Deformations calculated in 
the drained analysis and simplified undrained analysis #1 
(assuming constent stress-temperature-strain material 
parameters) increase monotonically with time. The magnitudes 
of deformations predicted in the transient consolidation 
analyses are greater during the early stages of heating and 
injection than for tong-term heating periods. As previously 
discussed this departure from reality arises from the use of a 
linear Piaemoe Tashic constitutive relationship, which is 


inappropriate for modelling this class of problems. 


6.5 Stress Changes and Deformations Adjacent to a Single Steam 
Injection Well in Of! Sand 


The steam injection well problem described in section 6.1 is 
analyzed in this section using analytical procedures described in 
the preceding sections of the chapter. Properties of Saline Creek 
oil sand are assumed in the analysis. Initial stresses in the oi] 


sand layer are identical to those assumed for the shaft problem: 
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1. Effective vertical stress of 6125 kPa; 
2. Effective horizontal stress of 4600 kPa; 


3. Initial pore pressure of 3100 kPa. 


It is also assumed that 200°C steam is being injected at a pressure 
2000 kPa in excess of the initial pore pressure, as in the shaft 


problem. 


The injection well is assumed to be a free draining rigid (no 
radial displacement) boundary. A "far-field" boundary radially 
symmetric about the well and located at a radius of 70 m from the 
centre of the well is assumed to be a "no-flow" (or reflection) 
boundary which is also rigid (i.e. no radial displacement). These 
boundary conditions might be considered representative of a single 


well within a field of equally spaced, identical injection wells. 


Predicted radial distributions of temperature increase and 
excess pore pressures LE ee diffusion of excess injection pressure 
are plotted in Figures 6.37.1 and 6.37.2, respectively. Thermally 
generated excess pore pressures are plotted separately in Figure 
6.37.3 at times corresponding to heating periods up to 4 years. 
Radial distributions of an equivalent coefficient of volumetric 


expansion, also for heating periods up to 4 years are plotted in 


Figure 6.37.4. 


The finite element mesh used for the thermoelastic stress 
analyses is shown in Figure 6.38 with boundary restraints. 
Thermoelastic stress analyses were carried out using temperature 


distributions and radial distributions of the equivalent coefficient 
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FIGURE T6257. 1 


FIGURE 6.57.2 


Transient Temperatures Around a 
Steam Injection Wel | 
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Transient Excess Pore Pressure Due 
to Injection 
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EXCESS PORE PRESSURE ( kPa ) 


RADIUS ( » ) 


FIGURE 6.37.3 Thermally Generated Excess Pore 
Pressures Around the Wel | 
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FIGURE 6.37.4 Transient Coefficient of Volumetric 
Expansion Around the Wel | 
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Finite Element Mesh for Thermoelastic 
Analyses of Stresses and Deformations 
Around the Steam Injection Wel | 
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of volumetric expansion at heating periods of: 


a) 1 month; 

b) 6 months; 

c) 1 year; 

d) 2 years; and 


e) 4 years. 


Since the thermally generated excess pore pressures were small (see 
Figure 6.37.3) and the excess injection pressure was assumed to be 
constant, effective confining stresses did not change after 1 month 
of injection and heating. Accordingly, a constant average value of 
2000 MPa was used for the modulus of elasticity, E. Poisson's ratio 


was assumed to have a constant value of 0.43. 


Stress changes, ground deformations and effective stresses 
(radial, tangential and vertical) at mid-depth in the oi! sand layer 
are shown in Figures 6.39.1 to 6.39.9, inclusive, for heating 
periods of 1 month, 1 year and 4 years. Effective stresses were 
again calculated by superposition of: (i) initial effective 
stresses; (ii) stress changes due to excavation of the borehole (as 
determined in section 6.3); (iii) excess pore pressures due to 
injection and heating; and (iv) total stress changes due to 
injection and heating. Pore pressure changes due to horizontal 
total stress increase are expected to be smal! in this case, because 


of the large hydraulic diffusivity of Saline Creek oi! sand. 


Because of the rigid boundary condition at the well two zones 
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Duration of Heating € Injection = 1 Month 
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&—e Radial Stress Chan 
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FIGURE 6.39.1 Stress Changes Around the Well After 
1 Month of Steam Injection 


FIGURE 6.39.2 Deformations Around the Well After 1 
Month of Steam Injection 
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Duration of Hesting € Injection = 1 Month 
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Radial Stress 
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Effective Stresses Around the Wel | 
After 1 Month of Steam Injection 
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Stress Changes Around the Well After 
1 Year of Steam Injection 


Deformations Around the Well After 1 
Year of Steam Injection 
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Duration of Heating € Injection = 1 Year 


FIGURE 6.39.6 
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Duration of Heating € Injection = 4 Years 
[ LEGEND 
e—2 Radial Stress its 
e@—e Tangential Stress Change 
r #——* Vertical Stress Change 
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FIGURE 6.39.7 Stress Changes Around the Well After 
4 Years of Steam Injection 


FIGURE 6.39.8 Deformations Around the Well After 4 
Years of Steam Injection 
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Duration of Heating € Injection = 4 Years 
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FIGURE 6.39.9 Effective Stresses Around the Wel | 
After 4 Years of Steam Injection 
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of stress perturbation result: (i) a zone immediately adjacent to 
the well, and (ii) a second zone moving away from the well and 


attenuating with time. 


Maximum principal effective stress ratios and deformations 
predicted in the analyses are summarized in Table 6.7. Failure of 
oil sand adjacent to the well, in tension (i.e. by parting) is 
predicted during the first month of heating and injection. Again, 
larger stress changes and deformations are predicted during the 
early stages of heating than in the long-term because of limitations 
inherent in linear thermoelastic analyses discussed in preceding 


sections of the chapter. 


Predicted values of Ky adjacent to the well casing and remote 
from the well are summarized in Table 6.8. Horizontal (i.e. radial 
and tangential) effective stresses increased more than vertical 
effective stresses throughout the 4 year heating period resulting 
in values of Ky greater han the initial value of 0.75. Rotation 
of the principal stresses is actually predicted adjacent to the wel] 


casing due to, .the -conditions “of (radial “constraint at the 


boundaries. 


These analytical results illustrate the potential for 
manipulation of the stress field by controlled heating and/or 
injection. This concept was previously described by athecs 
including Mathews et al. (1969), and Closmann and Phocas (1978). 
Since the orientation of hydraulically induced "fractures" or 


partings, is controlled primarily by the orientation of the 
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TABLE 6.7 


SUMMARY OF MAXIMUM PRINCIPAL EFFECTIVE STRESS RATIOS AND 
DEFORMATIONS PREDICTED ADJACENT TO A STEAM INJECTION WELL IN OIL SAND 


MAXIMUM PRINICPAL EFFECTIVE MAXIMUM DEFORMATIONS (mm) 
STRESS RATIO (a,'/o;') RADIAL (6r) VERTICAL (§z) 


2.1 (tension) 


TIME OF HEATING 
AND INJECTION 


1 month 


| 156 

6 months 45 
1 year 57 
2 years 34 
30 


4 years 
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TABLE 6.8 


PREDICTED STRESS CHANGES ADJACENT TO A SINGLE STEAM 
INJECTION WELL IN OIL SAND 


TIME OF HEATING 
AND INJECTION 


HORIZONTAL TO VERTICAL STRESS RATIO (K,) 
ADJACENT TO THE STEAM REMOTE FROM THE STEAM 
INJECTION WELL INJECTION WELL 


1 Month 


6 Months 


1 Year 


2 Years 


4 Years 
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principal stresses, it may in certain instances be desirable to 
alter the local stress field by preheating and/or controlled 
injection, prior to inducing fractures or partings by rapid water 


injection. 


Numerical analyses may be improved by introducing concepts of 
nonlinear incremental elasticity or plasticity, and rigorously 
coupling total stress changes due to heating and injection with pore 
pressure changes, as discussed in preceding sections of the 


chapter. 


Analyses predicting stress changes and ground’ deformations 
around well casings may also be used to identify risks of shearing 


and buckling of well casings during pressurized steam injection. 


6.6 Summary 


An analytical approach for solving two or three dimensional 
heat consolidation problems was introduced in this chapter. The 
analytical approach is non-rigorous since pore pressure changes 
during heating are not directly coupled with thermally induced total 
stress changes as outlined in equation 5.16 of Chapter 5. Thermally 
generated pore pressures are calculated using the simplifying 
assumption that total stresses remain constant during heating. The 
magnitude of error introduced by this assumption is dependent upon 
the thermal loading and the degree of restraint of thermal strains, 
i.e. the temperature increase, the boundary conditions and geometry 


of the problem. This analytical approach is analogous to the 
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three-dimensional theory of consolidation (isothermal) developed by 
Rendulic (1936), who extended Terzaghi's one-dimensional 
consolidation theory. The assumption that total stresses remain 
constant during consolidation may be reasonable for vertical 
(overburden) stress, but ignores total stress changes due to 


horizontal restraint of deformations. 


The analytical approach to three-dimensional heat consolidation 
problems presented here, provides a practical first step for solving 
this class of problems using existing numerical modelling 
techniques. Nevertheless, there is a need for a more rigorous 
formulation of the theory together with appropriate solution 


techniques. 


Analyses of two similar problems were carried out to illustrate 
application of the proposed analytical method. The problems 
analyzed involved: (i) heating and injection near a vertical shaft 
in ofl sand; and (ii) pressurized steam injection through a well 
casing in oil sand. The shaft problem was analyzed extensively to 
illustrate the influence of boundary conditions and consolidation 
characteristics of the heated material on numerical results. 
Simplified drained and undrained heating analyses of the shaft 
problem were also presented and discussed. It was illustrated that 
a drained heating analysis provides a reasonable "lower bound" 
solution. The assumption that undrained conditions prevail during 
heating does not necessarily provide an "upper bound" solution for 
stresses and deformations because of effective stress reduction due 


to pore pressure "spreading" during transient heat consolidation in 


low permeability materials. 
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The selection of appropriate boundary conditions at various 
stages of the shaft problem requires detailed consideration of the 
"production scenario" including procedures for development of 
inter-well communication (i.e. hydraulic fracturing), injection 
pressures and temperatures, proposed durations of injection and 
production cycles, etc. Analyses for oil sands project planning 
also require evaluation of stress changes and deformations resulting 
from activities within the production zone. It is evident that 
analysis of this class of problem requires input from reservoir 


planners and specialists in other disciplines. 


Several difficulties related to the use of standard numerical 
modelling methods were identified during analyses of the shaft 
problem. These difficulties are believed to be common to boundary 
value problems involving large temperature gradients and are 


summarized below: 


Teyprstress Pednetorbunion (j.e. "load shedding") following 
yielding or shear failure of soil/rock elements cannot be 
modelled within the framework of linear thermoelastic 
theory. 

2. Non-recoverable (i.e. plastic) deformation of oil sand 


cannot be accounted for using linear thermoelastic solution 


methods. 
3. The preceding deficiencies inherent in linear elastic 
formulations yield paradoxical numerical results. 


Predicted stress changes and deformations decrease with 


time, as the temperature gradient decreases and thermally 
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generated pore pressures dissipate. Development. of a 
thermal stress algorithm, which accounts for nonlinear 
stress-strain behaviour and non-recoverable deformations is 
required in order to correctly model problems involving 
large temperature gradients. Extension of the hyperbolic 
model to calculate thermal stresses and deformations would 
be useful for heat consolidation analyses in oil sand. 

4. \f total stress changes are large due to constraint of 
thermally induced strains, resultant pore pressure changes 
may also be large in low permeability materials. Stress- 
strain and strength properties of soils and rocks are very 
sensitive to ef fective stress changes. The error 
introduced by ignoring the rigorous coupling between total 
stress and pore pressure changes may be _ substantial, 
particularly for large thermal stress changes in_ low 


permeability materials. 


Hyperbolic stress-strain parameters for Saline Creek oil sand 
were summarized and used in an analysis to determine stress changes 


and deformations during excavation of a shaft through oi! sand. 
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720 CONCLUSIONS AND RECOMMENDATIONS 


7.1 General 


It is the purpose of this chapter to summarize significant 
findings of this research and to outline areas which warrant further 
investigation. Major aspects of the research summarized here 
include: (i) development of capabilities for elevated temperature 
experimental research; (if) geotechnical implications of ground 
heating based on both experimental and analytical studies, and 
literature review; and (iii) analyses of heat consolidation 


problems. 


7.2 Experimental Research at Elevated Temperatures 


Meaningful laboratory measurement of geotechnical properties is 
contingent upon our ability to obtain high quality undisturbed 
samples. Cohesionless sands have traditionally been difficult to 
samp le. High quality oi! sand samples were obtained for this 
research programme during late winter months from a frozen outcrop 


along Saline Creek near Fort McMurray, Alberta. 


A specialized laboratory facility was assembled at the 
University of Alberta for geotechnical testing of oil sand at 
elevated temperatures and pressures. The facility includes both 
one-dimensional and triaxial compression equipment along with 
compatible system components for conducting permeability 


experiments, all at temperatures to 300°C and pressures to 30 MPa. 


458 


orrut stant sie nebo PL 
bh cia tigen Nat | 
bone cnaehiiogtian’ reins it te 
Wie Tae? Pai lana teria 


ae HS 


t J x pa ow } ‘ - : ay 
he ye Freya, valle asada! | 
: ; Ait a 7 


pinta en Bi. inh 
. ae 


cote ‘saben VE set ey | “ieustqa sala | ne 
Piya uh ete Sow tiops e's oi ore bom “tetas | ‘s 


Th ore 
7 F ; 
Li : > 


Page 459 


It is particularly important to isolate system responses at 
elevated temperatures and pressures from the sample response for 
correct interpretation of test results. Compliance testing 


procedures were developed to achieve this end. 


Experimental procedures were developed and laboratory 


experiments were performed over a range of temperatures to measure: 


a) drained and undrained thermal expansion; 

b) drained and undrained compressibility; 

c) pore pressure generation during undrained heating; 
d) shear strength and stress-strain parameters; and 


e) permeability properties. 


Supplementary index testing of oi! sand samples was performed to 
evaluate: density, grain size, pore fluid saturations and bitumen 
viscosity. The microfabric and mineralogy of oi! sand samples were 
also studied using scanning electron microscopy and = x-ray 


diffraction analyses. 


The experimental programme has provided a wide range of 
information which has enabled geotechnical characterization of 
Saline Creek oil sand. The oil sand samples studied were 
sufficiently uniform to permit quantitative comparison of 
geotechnical behaviour at different temperatures, pressures and 
confining stresses. Heat transfer properties (i.e. thermal 
conductivity, thermal diffusivity, etc.) were not measured, however 


some published data was available for input into heat consolidation 


analyses. 


/ 


a alten ’ 
2 iP es hentai in tee i 


; hh hee ; 


aie pe 


im ae 4 ne pita iene 
he 7: ee Daa nyo 


: ae ay ; Me f » sant 


Page 460 


Limited testing of Cold Lake oi! sand was also performed which 


has permitted limited comparison of Athabasca and Cold Lake oil sand 


materials. 
7.5 Geotechnical imptications of Ground Heating 


Significant geotechnical implications of ground heating which 


have been identified in this research are summarized in this 


section. 


1. Thermal Alteration of Mechanical and Physical Properties 


Heating to temperatures approaching 300°C has little 
influence on the properties of quartzose sand grains or on 
the densely packed solid skeleton of Saline Creek oi! sand. 
Changes detected in compressibility, shear strength, 
stress-strain behaviour, and absolute permeability of 
Saline Creek oil sand due to temperature changes were smal | 
in comparision with other factors such as_ sample 
disturbance and effective stress changes. 

A review of the literature indicates that heating may 
Cause much more dramatic changes in the geotechnical 
behaviour of other oil sands, soils and rocks. Cold Lake 
oil sand, for example, is mineralogically weaker than 
Saline Creek oi! sand and therefore is apparently more 
sensitive to strength reduction at elevated temperatures. 
Mineralogical alteration of Cold Lake oil sand due to 


in situ steaming has been identified by the Sedimentology 
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Group at the University of Calgary (1981). A review of 
experimental research on other materials published in the 
literature was described in Chapter 2. 

The literature review revealed that the stiffness and 
strength of intact cemented and crystalline rocks generally 
decrease at elevated temperatures due to "thermal 
cracking". Conversely, the strength and stiffness of clay 
soils increase with temperature due to "thermally induced 
compaction". 

The mobility of bitumen in the pore space of oil sands 
increases dramatically at elevated temperatures because of 
decreasing viscosity. . The coefficient of consolidation of 
oil sand, therefore, also increases with temperature. The 
mobility of other liquid pore fluids in soils and rocks, 
such as water, also increases with temperature, though to a 
lesser extent than bitumens or heavy oils. The rate of 


consolidation of oi | sand increases at elevated 


temperatures. 


Thermal Pore Pressure Generation and Shear Strength 


Reduction 


Transient heating in situ results in simultaneaous 
thermal pore pressure generation and dissipation of excess 
pore pressures. The rate and magnitude of thermal pore 
pressure generation are dependent upon the rate of heating, 
the ambient pore pressure and the effective confining 


stresses, while the rate of excess pore. pressure 
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dissipation is dependent upon the consolidation 
characteristics of the porous medium and the boundary 
conditions. The propensity for thermal pore pressure 
generation during transient heating by diffusion may be 
characterized by the dimensionless "heat consolidation 
ratio", R;, described in Chapter 5. 

The shearing resistance of cohesionless oi! sands and 
many other essentially cohesionless soil and rock masses is 
entirely frictional. Shear strength is directly 
proportional to effective normal stresses acting across all 
potential planes of shear deformation within a soil or rock 
mass. Therefore, an increase in pore pressure due to 
ground heating causes a proportional decrease in the 
available shearing resistance. Since the principal 
effective stresses in situ are generally not equal, i.e. 
0,'>0,'>0,', excess pore pressures generated during heating 
may, in fact, cause shear failure. Figure 7.1 illustrates 
the mechanism by which a frictional soil or rock material 
may fail by shearing during undrained heating in a 
non-uniform stress field. 

Excess pore pressures generated during transient 
heating and consolidation of Saline Creek oi! sand are 
small (i.e. generally less than 1 percent of effective 
confining stress) due fone large value of Ry which is 
characteristic of Saline Creek oil sand. 

Although thermally generated excess pore pressures are 


likely small in ofl rich oil sands, it is important to 


| wit 704) Ve 
| * yer soinent a rm 


wn hi tf an 


4 


wail \taniy' Joven” 


: pm ae ry ih 

Mi : i" sh bah aie 
, ae Lip nar wea , 
ee apl plan 
a | 

vl ) ; ‘i 


O 


HS Aadanint isle ry 


Page 463 


SHEAR STRESS 


je Failure Condition 


Pore Pressure Change Due to Undrained Heating 
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recognize that excess injection pressures may be expected 
to diffuse readily through these materials. This has 
imporant implications for shaft and tunnel design since it 
is likely to be very difficult to isolate shaft and tunnel 
lining systems from the influence of excess injection 
pressures. Other oil sands may be less permeable if they 
contain larger proportions of fine-grained clay and silt 
sized particles. Oil sand containing 10-20 percent fine 
grained particles by mass (or more) are more highly 
susceptible to thermal pore pressure generation and shear 
strength reduction. There is considerable potential for 
shear failure by undrained heating in low permeability 


materials such as clay shales. 


Thermally Induced Stress Changes 


Heating causes thermal expansion of the constituent 
solids and pore fluids in soils and rocks. Restraint of 
vertical deformations due to in situ heating and thermal 
expansion is limited since vertical overburden stresses 
remain nearly constant. Conditions of horizontal 
continuity which are prevalent in the earth's crust result 
in restraint of thermal ly induced horizontal deformations. 
Consequently horizontal stresses increase more than 
vertical stresses during in situ heating and thermally 
induced vertical deformations are larger than horizontal 
deformations. It is possible to cause local rotation of 


the principal stresses in some Instances, depending upon 
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the initial stresses, the magnitude of temperature changes, 
stress-strain properties of the medium. and the degree of 
restraint of horizontal strains (i.e. boundary conditions). 
This observation Introduces the possibility of manipulating 
the in situ stress field by heating (e.g. see Mathews et 
an, 1969). This is of particular interest since the 
orientation of hydraulic fractures is controlled to a large 
extent by the orientation of the principal stresses. 
Non-uniform increase of the principal stresses due to 
in situ heating may also, in some circumstances, lead to 
shear failure. Hydraulic fractures may propagate both by 
parting and shear deformation. The potential for thermally 
induced shear failure is enhanced in low permeability 
materials because of the potential for thermal generation 
of excess pore pressures and the larger strains associated 


with undrained thermal expansion. 


7.4 Analyses of Heat Consolidation Problems 


Procedures for numerical analyses of heat consolidation 
problems were presented in Chapters 5 and 6. The theory and 
numerical modelling procedure developed in Chapter 5 coupling heat 
transfer with consolidation was based on the assumption that total 
stresses are constant. Although not rigorous there’ are 


circumstances in which this assumption is reasonable: 


a) The vertical overburden stress in situ does not increase 


substantially due to heating since vertical displacements 
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are unrestrained, although conditions of horizontal 
restraint are common. 

b) Thermally induced total stress changes in very compressible 
soils such as clays are small. Larger thermal stress 
changes develop in stiffer materials such as rocks when 
thermally induced strains are suppressed. 

c) Heating of highly permeable materials such as_ clean 
water-bearing sands or gravels does not result in very 
large values of thermally generated pore pressures because 
the "drained" heating condition is approached. 

d) During the early stages of heating in porous soils and 
rocks which are saturated with relatively incompressible 
pore fluids, the pore pressure response to thermally 
induced total stress changes may be nearly equivalent to 
the magnitude of the total stress changes, i.e. based on 
Skempton's pore pressure equation (Skempton, 1954). This 
condition results in very small effective stress changes 
initially, however, as the material consolidates and excess 


pore pressures dissipate, a net change in the effective 


stresses does develop. 


In materials of low permeability, thermally generated pore pressures 


are much larger than those due to total stress changes. 


An uncoupled numerical modelling procedure for two and three 
dimensional heat consolidation problems was presented in Chapter 6. 
Thermally generated excess pore pressure and volumetric strains were 


again calculated assuming constant total stresses. Transient 
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volumetric strains, temperatures and appropriate stress-strain 
moduli were then input into a finite element thermoelastic analsyis 
to calculate thermally induced stress changes and deformations. The 
procedure was summarized in flow chart form in Figure 6.1.4. In 
principal, pore pressures resulting from total stress changes may 
also be calculated in an uncoupled manner as outlined in step 5 of 
Figure 6.1.4. However, this becomes very cumbersome since it is 
necessary to proceed incrementally allowing for continuous pore 
pressure generation due to injection, heating and total stress 
changes, and also transient dissipation of these excess pore 
pressures. Accordingly, step 5 was omitted from uncoupled analyses 
presented in Chapter 6. Rigorous formulation of the problem 
including coupling between total stress changes and pore pressures 


is required to treat this class of problems more systematically. 


Important findings arising from numerical analyses of heat 


consolidation around a shaft and injection well in oi! sand include: 
1. Thermally generated pore pressures are relatively small in 

oll rich, oil sands. Consequently deformations due to 
transient heating are also relatively small. However, 


large deformations may result if injection pressures are 
large (i.e. if injection pressures approach the magnitude 
of confining stresses). Rapid diffusion of injection 
pressure is expected in oil rich ofl sands, consequent ly ih 
is considered difficult to isolate shaft and tunnel liners 
(or well casings) from the influence of elevated injection 
pressures i.e. increased earth pressures at reduced 


effective confining stresses. 
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2. It was demonstrated that the patterns and magnitudes of 
thermal stresses and deformations predicted in thermo- 
elastic analyses are very sensitive to boundary conditions 
applied in the vicinity of a high temperature gradient. 
The selection of appropriate boundary conditions adjacent 
to large temperature gradients is very much dependent upon 
the "heating and injection scenario" as well as the heat 


consolidation characteristics of the reservoir materials. 


3. Correct modelling of incremental stress changes’ and 
deformations due to transient heating and consolidation of 
oil sand requires the ability to predict non-recoverable 
plastic deformations. This may be accomplished using an 
incremental thermoelastic formulation or by developing a 


thermal stress algorithm based on the theory’ of 


plasticity. 


7.5 Recommended Future Research 


Analytical Research: 


There is merit in implementing the hyperbolic model in 
conjunction with thermoelasticity in a finite element program 
such as ADINA. The suitability of the hyperbolic model for oil 
sand and the need for the capability of predicting non- 
recoverable strains in heat consolidation problems’ were 


demonstrated in Chapter 6. 
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Development of a finite element program capable of analyzing 
three dimensional heat consolidation with rigorous coupling of 
transient excess pore pressures and total stresses is required. 
Implementation of the hyperbolic model in conjunction with 
thermoelasticity is also strongly recommended for coupled three 
dimensional heat consolidation in order to permit sensible 
modelling of the transient thermomechanical response of soil and 


rocks. 


Experimental Research 


There is a need to study the influence of elevated temperatures 
and pressures on heat transfer properties of undisturbed oi| 


sands. The limited thermal conductivity data which has been 


published for Athabasca oil sand is based on testing of 
remoulded oil sand samples at low ambient temperatures and 
pressures. Since transient heat consolidation is directly 


influenced by the rate of heat transfer, further analyses of 
convection and/or dispersion processes are warranted to evaluate 
their potential influence on the magnitudes of thermally 
generated excess pore pressures. 

A range of geotechnical tests on Saline Creek oi! sand are worth 


performing in order to fill inevitable gaps in the testing 


performed to date: 


a) Standard passive triaxial compression tests including 
unloading-reloading cycles and straining beyond the 


peak deviatoric stress may be performed using strain- 
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controlled testing procedures and a stiffer compression 
testing frame than that used in this research. Typical 
stress-strain test results for this type of testing are 
illustrated in Figure 7.2. 

b) Triaxial compression testing between 200°C and 300°C is 
of both academic and practical interest. 

c) Undrained passive triaxial compression tests may be 
worth performing over a range of temperatures to 
evaluate the influence of temperature on Skempton's 
pore pressure parameters, A and B. 

d) A range of stress paths may be investigated which are 
appropriate for various heating and loading conditions 
of interest (e.g. "active compression", "active 
extension", "proportional loading" and "proportional 


unloading" stress paths). 


Geotechnical testing of other Alberta oil sands such as Cold 
Lake oil sand, Peace River oi! sand or oi! sands from other 
areas of the Athaceaes deposit is of interest since some of 
these oil sands are believed to include minerals which are 
weaker than quartz, e.g. feldspar and mica. Such materials are 
believed to be more susceptible to physical alteration at 
elevated tempertures and stresses. Experience with Saline Creek 
oil sand indicates that a full suite of geotechnical tests 
should be performed on any other oil sand materials investigated 
in order to gain reasonably comprehensive information about 
geotechnical behaviour of the material. Investigation of these 
other oil sands is contingent upon developing techniques for 


obtaining high quality undisturbed samples. 
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FIGURE 7.2 Typical Stress-Strain Test Results 
for Strain-Controlled Triaxial 
Compression Including Unload-Reload 
Cycles and Post-Peak Straining 


| 
Fy 
~ vee 
} } 
reas * 
‘ 7 
vt : 
ted 
mY ie 
4 
r 
i 
A 
tat 
‘ : 
esi ys 
= Cay f 
2 i = i ; 
+ Dehn, eee ee ew! i Ay * 
' on hae ( uy ae 
| pa an 
ie eu ge |, 


Ht 
s  - 
3 
7 
* ry 
; z 
" 1) 
i 
ae 
alate 
; a 
hg 
7 1) 
a 
ne 7 
; = = + 7 
4 ny) f ae ae ee Dr aks ) 
RON ey Oe Lipe a For nn 
oa en hhiag ee 


; a - sas Wading Ve nae Va 
RN) ate - Bed ean Pl 


L ¥ OS = i : J ‘ 
cD, rn ' ‘ x 
‘ i 
ge i . l i 
re 
i 
raid 
t ~ ; 
ran \ ; 
ae t r 
+See ; o} 
j La 
ey) oni 
cm 
5 \ 12 
A, os i 


Page 472 


The influence of heating on geotechnical behaviour of shales and 
limestones which are interbedded with and adjacent to most oil 
sands is of considerable interest for in situ development of oi| 
sands. Some of the possible implications of heating these lower 
permeability rocks have been discussed elsewhere in the thesis. 

Investigation of the geotechnical behaviour of these materials 
is also contingent upon obtaining and testing samp les which are 


representative of the in situ rock fabric. 


There is a definite need for geotechnical field studies which 
could be carried out in conjunction with in situ pilot or 
commerical developments to provide information which is 
complementary to that obtained in laboratory and analytical 
studies, and to enable verification of numerical modelling 
results. There is considerable scope for development of 
geotechnical instrumentation and in situ testing equipment 


suitable for conditions of elevated ground temperatures and 


pressures. 
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